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INVIETIGATTON OF THE MIXING AND COMBUSTION OF 
TURBUUNT,  COMPRESSIBIX FREE JXTS* 
By Leonard S. Cohen 
and Roy N. Guile 
United Aircraft Research Laboratories 
SUMMARY 
The e f f e c t  of combustion on the  mixing of axisymmetric, supersonic, 
turbulent  f'ree j e t s  w a s  investigated experimentally using cooled probes, an 
Ebert spectrophotometer, high-speed motion pictures, and schl ieren,  infrared 
and ultraviolet  photographs.  Results of t h i s  work including detai led Mach 
number; temperature, and species  concentrat ion prof i les  are  presented for  the 
mixing of a Mach 1.46 c e n t r a l   j e t  of cold hydrogen with a v i t i a t e d  Mach 1.86 
concent r ic  ou ter  je t .  The flow condi t ions in  the high temperature  vi t ia ted 
j e t  flow were adjusted to  provide two d i f fe ren t  va lues  of oxygen concentration 
i n  an e f f o r t  t o  i d e n t i f y  t h e  s e p a r a t e  e f f e c t s  o f  mixing vis-a-vis combustion. 
Stat ic  temperatures  of the  v i t ia ted  s t reams exceeded the  %IO2 autoigni t ion 
value of 1000°K. P res su res  in  bo th  j e t s  were  matched at approximately 
0.91 x 105-N/m2(0.9-atm). Samples aspirated from the flow through quenching 
probes were analyzed for  species  concentrat ions by employing an  on-line gas 
chromatograph. Water concentration and l oca l  s t a t i c  t empera tu re  were a l so  
measured spectrophotometr ical ly  for  comparison with the probe measurements. 
A comparison of mixing ra tes  in  equiva len t  combusting and i n e r t  j e t  flows 
showed l i t t l e  d i f f e rence  fo r  t he  co i id i t i o rk  s tud ied .  The da ta  were also used 
to  eva lua te  eddy v i scos i ty  models and provide information on ignition t imes 
and flamespreading angles. An eddy v i scos i ty  model which includes the effect  
of preturbulence and the   va r i a t ion  of density through the mixing l aye r  
generates  predict ions which a r e   i n  agreement w i t h  t h e  t e s t  measurements. 
*Information previously released in condensed form as ALAA Paper No. 69-538, 
"Measurements i n   F r e e   J e t  Mixing/Combusting Flaws, It at the  AIAA 5 t h  Propulsion 
Jo in t  Spec ia l i s t  Conference,  Colorado, m e  9-13, 1969. 
INTRODUCTION 
Widespread i n t e r e s t  i n  advanced air-breathing propulsion devices such as 
the supersonic combustion ramjet (scramjet) and the ducted rocket has motivated 
numerous ana ly t i ca l  s tud ie s  of the  mixing and combustion of compressible, tur- 
bulent streams. These ana lyses  a re  bas ica l ly  e i ther  of  the  in tegra l  type  
(Refs. 1 and 2 )  i n  which the conservat ion equat ions are  satisfied over every cross 
sec t ion  normal t o  t h e  flow direction, or the detai led computat ional  type in  which 
the  pa r t i a l  d i f f e ren t i a l  equa t ions  desc r ib i zg  the  phys ic s  of t he  flow f i e l d   a r e  
solved directly dong streamlines using numerical  techniques (Refs.  3, 4, and 5 ) .  
Whichever type is  employed, a ce r t a in  amount of empiricism m u s t  be introduced 
i n  o r d e r  t o  s p e c i f y  t h e  r a t e  of mixing of f u e l  and air streams. The v a l i d i t y  
of any of the analyses is  l imited,  therefore ,  by the  ex ten t  and accuracy of 
available experimental information on je t  mixing rates and/or kinematic eddy 
viscosities.  Since  high-temperature flow f a c i l i t i e s  and sui table  instrumentat ion 
f o r  use in  supersonic  combusting flows have only  recent ly  become avai lable ,  
these analyses have not, in  general ,  been subjected to experimental  confirmation. 
The objective of the  present Fork was t o  obtain detai led experimental  data  
including pitot  pressures,  temperatures,  and species concentrations throughout 
equivalent  constant  pressure iner t  and chemica l ly  reac t ive  je t  flow f ie lds .  This  
d a t a  was t o  be s u f f i c i e n t l y   d e f i n i t i v e   t o   r e f l e c t  any s igni f icant  in f luence  
of chemical heat release on mixing r a t e s  and t o  alow the charac te r iza t ion  of 
the perturbed mixing r a t e s  w i t h  a sui table  formulat ion for  the kinematic  eddy 
v iscos i ty .  I n  addi t ion ,  spec ia l  ins t rumenta t ion  techniques  for  use  in  combustion 
t e s t  environments including on-line gas chromatographic analysis and spectro- 
photometric determination of temperature and water concentration in axisymmetric 
flows, were t o  be employed and evaluated. 
SYMBOLS 
a spec t ra l   absorp t iv i ty  
b t ransverse  extent   of  mixing layer ,  m 
B l i n e  width, cm'l/atm 
C sound  pee , m/sec 
(27r)(speed  of l ight)2x  Planck 's   constant  = 3.8139 x kg-m3/sec 
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equivalence ratio,  kgH2/(kg%-stoichiometric) 
f rac t ion  of  hydrogen unreacted 
correlat ing parameter  or "history, I' see  Fig. 30 
his tory adjusted for  intermixing effect ,  see  Eq. (6) 
gas  spectral  emission intensi ty  per  uni t  volume, kg-m-sec-l/~d 
rate constant,  cgs units-various 
length of enclosure, m 
r a t i o  of v i t i a t ed   s t r eam  ve loc i ty   t o   cen te r l ine   ve loc i ty  
value of m a t  which preturbulence mechanism becomes important 
mass f r ac t ion  of species j 
Mach number 
r a t i o  of v i t i a t ed  s t r eam dens i ty  to  cen te r l ine  dens i ty  
value of n at which preturbulence mechanism becomes important 
pa r t i a l   p re s su re ,  N/m (atm) 
pressure,  N/m (atrn) 2 
pi to t  p ressure ,  N/$ (atm) 
centerbody radius, cm 
half-thickness of mixing layer determined using Eq. (l7), m 
gas constant, ~rn3-atm-~K-~/(gm-rnole) 
l ine  s t rength ,  crn/gm 
temperature, K 
l ong i tud ind  ve loc i ty ,  rn/sec 




t ransverse  ve loc i ty ,  m/sec 
mass flow rate, kg/sec 
longitudinal.  distance from nozzle  exi t  plane,  cm 
a x i a l  s t a t i o n  at which preturbulence mechanism becomes important, cm 
l ength  of computational segment, cm 
mole f r ac t ion  of species  
t ransverse dis tance from center l ine,  cm 
slit h a l f  -widt h, cm-' 
kinematic eddy viscosi ty ,  m /sec 
weighting factor,  see Table VI11 
time, sec unless otherwise specified 
universa l  cons tan t  in  mixing models 
wavelength, m 
molecular  weight, gm/( gm-mole) 
frequency,  sec-1 
density, kg/m 3 
igni t ion delay time, sec 
reac t ion  time, sec 
residence time, sec 
j 
2 
E o J w " $  -%I 
Subscripts 
a vi t ia ted  s ream
P center l ine  
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An invest igat ian of  t he  effect  of  combustion on mixing requi res  the  co l lec-  
t i o n  of andcomparison between comparable measurements made in  equiva len t  iner t  
and r e a c t i n g  j e t  flows. To f a c i l i t a t e  t h e  a c q u i s i t i o n  of su i tab le  da ta  and t h e  
ultimate analytical .  treatment of the problem, a c o a x i a l   f r e e   j e t  system was 
chosen i n  which t o  produce such equivalent flows. The system consists of a 
c e n t r a l  hydrogen j e t  surrounded by a high temperature annular jet  containing 
var ious  (ad jus tab le)  quant i t ies  of oxygen, ni t rogen and water; a less reac t ive  
flow i s  simply produced by replacing most of t h e  oxygen i n  t h e  annular stream 
w i t h  nitrogen. 
A high temperature is r e q u i r e d  i n  t h e  a n n u l a r  j e t  t o  i n s u r e  t h e  r a p i d  
autoikni t ion of  hydrogen i n  t h e  mixing l a y e r  formed between t h e  j e t s .  Heating 
of the annular jet  i s  accomplished by the method va r ious ly  r e fe r r ed  to  as v i t i a -  
t i o n  or preburning. mdrogen and air a r e  combusted i n  a v i t i a t i o n  chamber t o  
produce a high temperature gas flow, and addi t iona l  make-up oxygen and/or 
ni t rogen i s  added to obtain the desired weight flow and oxygen concentration. 
It i s  poss ib le ,  in  pr inc ip le ,  to  burn  out  aXL t h e  oxygen. in t h e  air during 
v i t i a t i o n   t o  produce an i n e r t  flow containing only nitrogen and water. 
Alternatively,  make-up oxygen may be added t o   y i e l d  any desired reactive flow. 
Vi t i a t ion  was selected over  a l ternat ive heat ing methods including the use 
of a pebble bed ( R e f .  6 ) ,  arc j e t  (Ref. 7) ,  shock tube  (Ref. 8 ) ,  or rocket (Ref .  9 )  
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since associated run times can be relatively long depending on f u e l  and make-up 
gas storage capacity.  Typical run times achieved ranged from 30-50 minutes. 
As a r e s u l t  o f  v i t i a t i o n ,  water and various intermediate species such as H, 0, 
and OH w i l l  b e  p re sen t  i n  the  annu la r  je t .  The e f f e c t  of these contaminants, 
as discussed later i n   t h i s  paper, m u s t  be considered when t reat ing the chemical  
reac t ion  between t h e  annulax j e t  and hydrogen j e t  
Test Apparatus 
The experiments were conducted using the water-cooled UARL mixing and com- 
b u s t i o n  t e s t  r i g  shown schematical ly  in  Fig.  1. High-pressure air i s  admitted 
at the upstream end of t h e   r i g  and passed through a 2.54-cm diameter b e a o u t h  
flowmeter i n to  the  in j ec t ion  sec t ion  where it is  mixed w i t h  e i t h e r  make-up 
oxygen or nitrogen injected through flat-face rings.  The resul t ing f low i s  
then mixed and burned w i t h  hydrogen i n  t h e  v i t i a t i o n  s e c t i o n .  I n  t e s t s  r e q u i r i n g  
a reactive flow comparable t o  air, i . e . ,  v i t i a t ed  air, s u f f i c i e n t  oxygen i s  
in j ec t ed  so  tha t  it comprises approximately 21 volume percent  of  the resul t ing,  
high enthalpy vit iated stream. The total .  temperature of a v i t i a t e d  air  stream 
i s  typ ica l ly  2000'K. The  same temperature may be obtained for an inert  (nitrogen) 
v i t i a t e d  flow by react ing the oxygen i n   t h e  air w i t h  hydrogen, and making up 
the desired total  weight  f low w i t h  addi t ional .  ni t rogen inject ion.  In  e i ther  
case,  the resul t ing vi t ia ted f low i s  passed successively through a conical  
reducing section, a temperature measurement section, and an annular converging- 
diverging nozzle. The inner  surface of  the nozzle  i s  formed by a centerbody 
held in place by three equispaced oval struts. Hydrogen in t roduced  in to  the  
centerbody v ia  the  suppor t  s t ru t s  is  brought into contact w i t h  t h e  v i t i a t e d  
stream at  t h e  e x i t  of the nozzle  sect ion.  The v i t ia ted  s t ream and c e n t r a l  
hydrogen j e t  mix ( and  bu rn )  i n  the  fo l lowing  f r ee  j e t  t e s t  r eg ion  and ul t imately 
exhaust into a large ejector  duct  where excess hydrogen i s  t o t a l l y  r e a c t e d  p r i o r  
t o  d i s c h a r g e  t o  t h e  atmosphere. Figure 2 i s  a photograph of t h e  t e s t  f a c i l i t y .  
Nozzle centerbody. - The nickel centerbody and support  s t ruts ,  shown de ta i led  
i n  the  Fig,  3 drawing of t h e  nozzle tes t  section, are coated w i t h  0.410-mm of 
insu la t ing  material t o  provide thermal protection. The insu la t ion  cons is t s  of 
three layers  including:  (1) a 651c nickel  t i tanium 0.037-mm undercoat, (2) a 
0.053-mm gradecoat of a 50-50 mixture of 65sc nicke l  t i t an ium and s t ab i l i zed  
zirconia,  and (3) a O.32-mm zirconia  outercoat .  With this arrangement,  no 
cooling other t h a n  t h a t  provided by t h e  hydrogen is  required. Four passages 
i n  each s t ru t  channel  the  hydrogen i n t o  a co l lec t ion  chamber from whence it i s  
directed onto the aft end of the centerbody t o  provide impingement cooling. A 
p i to t  t ube  and thermocouple bu i l t  i n to  the  cen te rbody  f ac i l i t a t e  measurement of 
hydrogen flow conditions before expansion through the supersonic exhaust nozzle. 
The n o z z l e   l i p  has a thickness of 0.54-m, of which 0 .l3-mm i s  n icke l  and 0.41-mm 
is insulat ion.  
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During the course of t h e  experimental program it was found t h a t   t h e  hydrogen 
temperature increased approximately 55OK in  passing through t h e  s t r u t s  and 
centerbody. Boundary layer calculations indicated nominal centerbody surface 
temperatures of 670-83001~ f o r  t h i s  temperature rise. 
Annular  nozzle. - The copper annular nozz le  fo r  t he  UARL mixing/combustion 
tes t  r i g  is cooled by 1.81-kg/sec of w a t e r  which flows thr ugh two circumferent ia l  
cool ing  s lo ts ;  de l ivery  pressure  of t h e  water is 1.35 x log - N/D? (13.5-atm). 
The nozzle is designed for uniform, parallel ,  shock-free flow at  a nominal Mach 
number of  1.80. A method of cha rac t e r i s t i c s ,  computerized design analysis 
(Ref. 10) was employed t o  determine t h e  appropriate  contour  for  the outer  w a l l  
of the annular nozzle passage. Subsequently, the predicted contour was used 
a s  input  to  the  f low computer program of Ref ll t o  independently verify t h a t  
t he  flow f i e ld  within the nozzle  i s  shock-free. After the inviscid design 
was establ ished the "Ehergy Def ic i t  Method, I t  an up-dated version of work presented 
i n  Ref. 12, was u t i l i z e d  t o  determine a correct ion for  the contour  to  account  
f o r  boundary l aye r  e f f ec t s .  T h i s  method predicted very s m a l l  negative displace- 
ment thickness corrections, e.g,, -0.55-mm at the  nozz le  throa t  and -0.32-mm at 
the nozzle exit .  In support  of the computations,  it i s  of i n t e r e s t  t o  n o t e  
t h a t  the predicted overal l  nozzle  heat  f lux was found to  ag ree  to  wi th in  t en  
percent of the  hea t  flux subsequently measured in the experiments 
Tests  were conducted w i t h  the  nozz le  sec t ion  ins ta l led  a t  the  UARL mixing 
and combustion t e s t  r i g  t o  e v a l u a t e  t h e  annular nozzle design. The measured 
p i t o t  p r e s s u r e  p r o f i l e  a t  the nozzle  exi t  plane,  shown in Fig.  4, displays 
the expected f l a t  r e g i o n s  i n  t h e  j e t  f l o w  f i e l d  away from solid boundaries.  
The edge of the centerbody and annular nozzle are designated by bars  on the  
ordinate  of  the f igure.  A Mach number dis t r ibut ion obtained from these  data, 
Fig.  5, ind ica tes  t h a t  the  inviscid annular  nozzle  flow i s  uniform a t  a Mach 
number of 1.86; a constant Mach number of 1.46 appears t o  be cha rac t e r i s t i c  
of the centerbody flow. Mach numbers i n  F i g .  5 computed from both  the  p i to t -  
t o - to t a l  p re s su re  r a t io  and t h e  measured s t a t i c - to -p i to t  p re s su re  r a t io  a re  
identical, thereby confirming that  t h e  flow leaving the nozzle i s  shock-free. 
Boundary layer thicknesses a t  the nozzle  exi t  plane on the inner  and outer  sur- 
faces Qf the centerbody and on the  annular nozzle, determined using the %nergy 
Def ic i t  Method, I' are  ind ica ted  in  both  F igs .  4 and 5 .  
Instrumentation 
A var ie ty  of  instrumentat ion was u t i l i z e d   t o   e s t a b l i s h  a detai led descr ipt ion 
of t he  free j e t  mixing flow a t  va r ious  t e s t  cond i t ions .  P i to t  p re s swes  and species  
concentrations are determined w i t h  t h e  use of water-cooled probes. Aspirating 
temperature probes axe also water-cooled except for the i r  precious metal immersion 
t i p s .  Probes disturb t h e  flow so it is of i n t e r e s t  t c  compare probe  measurements 
w i t h  temperatures and water concentrations found op t i ca l ly  w i t h  the Ebert  spectro- 
photometer. Photographs and motion p ic tures  taken  dur ing  the  tes t  program a r e  
a l so  useful  for  character iz ing the mixing and combustion of supersonic free 
jets by providing information on ignition lengths,  f lame shapes and flame speeds. 
Water-cooled probe rake. - A rake containing two p i to t  p robes  and two 
gas-sampling (quenching) probes, Fig. 6, was cons t ruc t ed  fo r  t h i s  i nves t iga t ion .  
I n  the  ex terna l  des ign  of  the  rake, probe-to-probe spacing and probe dimensions 
were chosen t o  insure that  conical  shocks off  adjacent  probe t ips  coalesced 
far downstream of t h e  probe  t ips  and  tha t  the  s tand-of f  d i s tance  of  the  s t ru t  
bow shock was much less  than  the  probe  length .  On t h e  basis of these considera- 
t i ons ,   t he   p i to t   p robes  were made with a 30-deg half-angle stainless s t e e l   t i p  
and mounted on t h e   s t r u t   w i t h  a t ip- to- t ip  separat ion of 19.5-mm; t he  ho le  in  
t h e  p i t o t  probe t i p  has a l.15-m diameter. The gas sampling probes have 20-deg 
half-angle  t ips  constructed from TD nickel ,  and a t ip- to- t ip  separat ion of  19.0-mm. 
A distance of 37.2-mm separa tes  the  upper sampling probe from the lower pitot 
probe, A cooling water flow r a t e  of O.E”kg/sec i s  suppl ied to  each probe at 
a pressure of 1.365 x lo6- N/m2 (13.5-atm) . After a circuit  through the probe, 
the water  is dum ed i n t o  t h e  s t r u t  c o o l i n g  water which i s  at a pressure of 
4.05 x lo5 - N/ 2 (4.0-atm); t h e  s t r u t  water flow rate i s  1.0-kg/sec. The s t r u t  
i s  supported top and bottom i n  a yoke-l ike s t ructure  t o  prevent  def lect ion of 
the probe due t o  l o a d i n g  by t h e  flow. The probe rake is coupled t o  t r a v e r s i n g  
mechanisms t o  allow b o t h   v e r t i c a l  and horizontal  posit ioning throughout the 
free j e t  flow f ie ld .  
The internal design of the quenching probe was achieved through a paxa- 
metric study of t h e  governing geometrical and flaw parameters  for  the  most 
severe environmental conditions expected. Area var ia t ions ,  w a l l  f r i c t i o n ,  and 
hea t   t r ans fe r  were all considered in t h e   a n d y s i s   t h r o u g h   t h e  use of inf luence 






s w a l l o w  probe bow shock when aspirating gas samples from the free 
j e t  flow, 
inhibit chemical reaction of gas samples injected into the probe by 
aerodynamic expansion and convective cooling, 
prevent choking of the flow i n  t h e  probe, and 
delay shocking down of t h e  flaw un t i l  t he  to t a l  t empera tu re  i s  reduced 
below the  au to igni t ion  limit of approximately 1000°K. 
The r e su l t i ng  probe, Fig. 7, has a length of 89-mm and an inlet  hole diameter 
of 0~61-m. The water jacket surrounding the gas sample tube  cons is t s  of  a 
counter flow region, an impingement flow reg ion  fo r  t he  con ica l  t i p  o f  t he  probe, 
and a p a r a l l e l  flow region for  cool ing the outer  w a l l  of the probe. The gas 
sample tube consis ts  of a divergent conical nozzle having a 5-deg half-angle 
followed by a 1.88-mm diameter duct. 
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The igni t ion parameter  for  a coolant water flow ra t e  o f  O.E-kg/sec i s  
a l so  given in Fig. 7. T h i s  pasameter, which is t h e  summation of t h e  r a t i o  of 
gas residence time t o  chemica l  i gn i t i on  de lw  time (see Ref. 4), e q w s   u n i t y  
at ign i t ion .  For a gas sample i n i t i a l l y  at Mach 1.50, to ta l  t empera ture  of 
2220°K, and containing a s toichiometr ic  mixture of hydrogen and oxygen, no 
igni t ion occurs  w i t h i n  t h e  probe, at l e a s t  on a one-dimensional basis. The 
p o s s i b i l i t y  of chemical reaction i n  t h e  w a l l  boundary l w e r  of t he  sample tube 
cannot, however, be discounted on the  bas i s  of t h i s  a n a l y s i s .  A t  t h e  end 
of the probe, the ingested gas sample m u s t  flow through a 90-deg bend and shocking 
down of the flow w i l l  occur. Nevertheless, chemical reaction w i l l  no t  be  in i t i a t ed  
s ince  the  to t a l  t empera tu re  of t he  flow has been reduced t o  about 45OoK which 
i s  55OoK below the  au to igni t ion  limit. The ca lcu la t ions  a l s o  ind ica ted  tha t  the  
r i c h  number of the gas  sample within the probe, for the design of Fig. 7, 
is  maintained near a value of 2.20 as t h e  result of a trade-off between w a l l  
f r i c t i o n  and cool ing  e f fec ts .  
Gas chromatograph. - During a gas sampling test, vacuum pumps connected t o  
the  quenching probes continuously aspirate material from t h e   f r e e   j e t  mixing 
region into the probes.  After a purge time of about 15-sec, a port ion of t he  
gas mixture from the probe i s  i n j e c t e d  v i a  a remotely actuated valve into a 
gas chromatograph (GC) f o r  on-line determination of the concentrat ions of Hz, 
02, +O, and N2. Lines from the  p robe  to  the  GC are heated to prevent condensa- 
t i o n  of water. Each of t he  two quenching probes has an associated GC so t h a t  
two anaLyses can occur simultaneously. 
Figure 8(a) shows a schematic diagram of the GC system employed. It cons is t s  
of a ca r r i e r  gas  flow system, a sample injection valve,  a separation column, a 
temperature control system, a detector ,  and a read-out device t o  record resul ts  
of the analysis,  see Fig.  8(b).  ActuaJJy, two separat ion s tages  are  used s ince 
no one column mater ia l  was found that could separate the four gaseous consti tuents 
rapidly.  Poropak R (50-80 mesh) is  packed i n t o  Column (1) t o  s epa ra t e  F , 02, 
and N2 from $0, and 40-50 Mesh P4olecular Sieve l 3 X  i s  used in  Column (2 3 , 
af te r  e l imina t ion  of H20, t o  e f f e c t  a separat ion between +, 02, and N2" The 
columns are  constructed from 6.33-m O.D. s t a in l e s s  s t ee l  t ub ing ;  Column (1) 
i s  0.61-m long and Column (2)  i s  1.525-m long. Drying of t h e  gas mixture occurs 
i n   t h e   f i r s t  0.3-m of Column (2) wherein water i s  re ta ined  by the  Moleculax 
Sieve material. Hot-wire thermal  conduct ivi ty  cel ls  are  employed as detectors .  
The GC carr ier  gas  consis t ing of  a mixture of 91.5% He - 8.576 +, i s  passed through 
the system at  a pressure of 3.37 x 105 - ~ / m 2  (3.33-atm) and a volumetric flow 
r a t e  of 6.7 x 10-6 - m3/sec. This  carr ier  gas  is  a special  mixture  used f o r  
aualysis  of samples containing H2 s ince pure He car r ie r  g ives  unin te rpre tab le  
@ r e s u l t s .  The e n t i r e  GC unit  (Fig.  9 )  i s  enclosed i n  an oven heated t o  41O0K. 
The recorder traces of Fig.  8(b) show the  order  2nd time of e lu t ion  of t he  
gaseous  components. A complete analpis i s  completed i n  l e s s  t h a n  60-sec, 
after which the probe rake may be  moved t o  a new pos i t i on   t o   r epea t   t he  purge- 
analysis procedure. 
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The on-line gas chromatographs m u s t  b e   c a l i b r a t e d   t o  relate the  t ime 
i n t e g r a t e d  o u t p u t  s i g n a l  t o  t h e  p a r t i a l  p r e s s u r e  of the gas being analyzed, and 
thereby allow the conversion of GC output, as recorded on s t r ip  cha r t s ,  i n to  
gas concentrations. Calibrations were conducted before and after each tes t  
ser ies  (about  once a day), although only minor vas ia t ions  were found. 
For t h e  c d i b r a t i o n  of nitrogen and oxygen, an air sample at atmospheric 
pressure is  i n j e c t e d  i n t o  t h e  GC t o  ob ta in  the  ou tpu t  signals associated with 
corresponding partial  pressures calculated from the known composition of air 
and the barometric pressure.  In E similar manner, t h e  s e n s i t i v i t y  of t he  GC 
t o  hydrogen is  determined with three prepared hydrogen/nitrogen mixtures con- 
t a jn ing  20%, 5O$, and 80% hydrogen  by  volume. Cal ibra t ions  for  water vapor 
are car r ied  out  u t i l i z ing  the  appara tus  shown i n  Fig. 10. To begin  the  ca l i -  
bration procedure, the system i s  evacuated through two vacuum pumps w i t h  Valve 
No. 1 closed. Subsequently, both vacuum  pumps are shut off,  using Valves Nos. 
2 and 3, and Valve No. 1 is  re-opened t o  allow water vapor from the heated air- 
f ree  vesse l  to  escape  in to  the  hea ted  l ines  of  the  ca l ibra t ion  system. When 
a desired pressure i s  a t ta ined  wi th in  the  ca l ibra t ion  system, as indicated on 
a digital  voltmeter,  Valve No. 1 is closed and water vapor i s  in j ec t ed  in to  
t h e  GC for analysis.  This procedure i s  repea ted  for  severa l  l eve ls  of water 
vapor pressure by maintaining Valve No. 1 in t h e  open pos i t i on   fo r   d i f f e ren t  
lengths of time. 
For the gases of interest ,  the recorded signals were found t o  approximate 
symmetrical Gaussian distributions and, therefore ,  the  a reas  under the output  
curves may be taken  equal  to  the  product  of t h e  maximum height of t h e  Gaussian 
and the width a t  half-height.  The lengths required could be read accurately from 
t h e  s t r i p  c h a r t s  as s i g n a l  t o  n o i s e  r a t i o s  were typ ica l ly  grea te r  than  15. T h i s  
information and applicable electronic attenuation factors are used wi th  the  
ca l ib ra t ion  cu rves  to  de t e rmine  the  pa r t i a l  p re s su res  of H2, N2, 02, and €I20 
presen t  i n  the  o r ig ina l  gas  sample. The volume f r a c t i o n  of any const i tuent  
g8.s i s  determined from t h e   r a t i o  of i t s  par t ia l .  p ressure  to  the  sum of t h e   p a r t i a l  
pressures  of all the  gases  in  the  sample. 
&pirating temperature probes. - Total temperatures at the  en t r ance  to  the  
nozzle  sect ion of the experimental  r ig  and i n  t h e  i n e r t  f r e e  j e t  flow f i e l d  a r e  
measured by employing water-cooled aspirat ing probes with immersion sec t ions  
constructed of precious metal (see Ref. 14 for  detai ls)  Plat inum-t ipped probes 
containing a platinum, platinum-lO% rhodium thermocouple a r e  used up t o  1900°K. 
A t  higher temperatures,  in the 1900-2150°K range, an iridium-tipped probe (Fig. U) 
w i t h  an iridium, iridlum-hO% rhodium  thermocouple i s  required.  The thermocouple 
junc t ion  in  these  probes  is  s i tua ted  wi th in  two concentr ic  radiat ion shields .  
The gas flow whose temperature i s  t o   b e  measured i s  aspirated through 4.76-mn 
ho le  in to  the  probe, conducted past the thermocouple jmction, and exhausted 
through the water-cooled support member. As demonstrated i n  Ref. 14, t h i s  
probe design yields data which requi re  no correct ion for rad ia t ion  losses .  A 
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zirconium oxide coating i s  a p p l i e d  t o  t h e  immersion sec t ion  of t he  p robes  to  
inh ib i t  ca t a ly t i c  ac t ion ,  
Ekert spectrophotometer. - The spectrophotometer system shown i n  F i g .  12 
was used to  ob ta in  loca l  t empera tu res  and €$O concent ra t ims  from inf ra red  
emission and absorption measurements. It consists of a l ight-source unit ,  an 
op t i ca l  co l l ec t ion  system, a wave length scanning monochromator, a de tec tor  
unit, and photometr ic  c i rcui t ry ,  The system has all mirror optics along with 
severa l  sources ,  d i f f rac t ion  gra t ings ,  and detectors ,  required to  permit  the 
measurement of both emissLon and 3bsorption spectra throughout the wavelength 
range from 0.25 t o  6 microns i n  a number of segments. Provision i s  made f o r  
absolu te  ca l ibra t ion  of the system from a black-body source or a Bureau of 
Standards- t raceable  source of  spectral  radiance.  In  addi t ion,  dry ni t rogen 
purg'ing of t h e   e n t i r e   o p t i c a l  system is  provided to eliminate atmospheric water 
vapor and carbon dioxide absorption when working i n  the infrared port ion of t he  
spectrum. The arrangement of mirrors shown in  F ig .  12 produces a collimated 
beam, permit t ing any desired working space. The e n t i r e  system  can  be t raversed 
as a unit  over a 0.3-m horizontal  path to  obtain data  a t  various axial loca t ions  
a long  the  je t  f low.  In  order  to  take  measurements at d i f f e ren t  r ad ia l  l oca t ions ,  
the height of the base s tands which support  the l ight  source wlit, co l lec t ion  
system and monochromatar must be varied; base stand jack screws are provided 
f o r  t h i s  purpose. 
During I R  operation, a beam from t h e  Nernst glower l igh t  source  (SI )  i n  
Fig.  12 impinges on an off-axis parabola (MP3) from whence it is d i r e c t e d  t o  
f la t  folding mirror  (MF2) and thence through the tes t  area.  The  beam cross 
sec t ion  i s  approximately a rectangle  6.34-mm x 3.17-mm with the longer  s ides  
normal t o  t h e  flow direction. The coll imated beam i s  col lected and focused on 
t h e  monochromator entrance s l i t  by parabol ic  mirror ( M E )  via  mir ror  (MF4). 
The 1.22-m focaL length, f/8 m e r t  monochromator is equipped with a 3.00-micron 
gra t ing  which i s  u t i l i z e d  for the infrared emission and absorption measurements. 
The grating has 300-grooves/mm, a ruled area height and width of 102-mm (each 
dimension), a f i r s t o o r d e r  wavelength range of 1.4 t o  4.5-microns, f irst  order 
dispers ion of05oO8-A/mm, a theo re t i ca l  r e so lu t ion  of 16,100 and a scanning r a t e  
of 56 C.0 500-A/sec0 A t  t h e  e x i t  of t h e  mOnOChrOmatOr the  beam impinges on a 
lead su l f ide  de tec tor  (E). Additiond details  regarding the spectrophotometer 
and associated instrumentation m a y  be  found i n  Ref. 15.  A photograph of t h e  
device is reproduced in  F ig .  13. 
Measurements taken with the spectrophotome$er include the gas spectral 
emission intensity per unit  volume, Ie(A), and the  spec t ra l  absorp t iv i ty ,  a (h) .  
A l l  da ta  a re  obta ined  at a selected wavelength A = A* i n  t h e  (H20) 2.7-micron 
region where thick emission and absorpt ion l ines  are found. In the present  work, 
t h e  C02-free V 3  l i n e  a t  A -1 = 3837.85 crn-l, the  s t ronges t  emi t te r  in t h e  2.7- 
micron region, was chosen. 
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A l l  data obtained from the  axisymmetric flame me reduced by an &el  
in$egral  computer program (Ref. 16) which co r rec t s  fo r  s e l f - abso rp t ion  to  y i e ld  
the  rad ia l -zone  quant i t ies  Ien  and an. The program then computes the  zonal  
Planck-Kirchoff temperature which i s  e s sen t id ly   t he   t r ans l a t iona l   t empera tu re  
at l o c a l  thermodynamic equilibrium: 
- I  
Equation (l), foUar ing  P la s s  (Ref 17) and Tourin  (Ref. 18), i s  based on t h e  
observation t h a t  a gas radiates energy as a grey body f o r  a naxrow r e g i o n   i n  
the  molecular  spectrum.  Derivation of  Eq. (1) is  covered i n  Ref. 16. Water 
p a s t i d   p r e s s u r e s   w i t h i n  a radial zone of uni t  depth are  computed from t h e  
expression 
s *a: 
pn = ( 7; ) 4S,B,Pn 
which was derived for  a t h i c k   l i n e  and a constant s l i t  function in Ref .  17. 
Equation (2) r e s u l t s  when the  frequency-dependent absorptivity from t he  Beer- 
Bouger-Lambert law i s  weighted with a rectangular  s l i t  funct ion and in tegra ted  
t o  determine the integrated l ine absorption. Line parameters S and B are obtained 
by applying temperature and p res su re  co r rec t ions  to  the  tabulated values of 
Ref. 19. For completeness, the  v ibra t iona l - ro ta t iona l  cor rec t ion  for  t h e  v 
l i n e  (Ref. 20) i s  a l so  app l i ed  to  the  l i ne  s t r eng th ,  S. The s l i t  half-width, 6 , 
is  a property of the spectrophotometer, see Ref. 15.  
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Dming a typ ica l  data acquistion tes t  a continuous signal i s  recorded as 
the spectrophotometer is  t raversed a distance of 0.3-m from the nozzle  exit 
plane while i n  the absorpt ion mode, and then  re turned  to  the  nozz le  exit i n   t h e  
emission mode. Cal ibra t ions  for  the  re ference  no-absorp t ion  in tens i ty  signal 
and the  b l ack  body emission signds at various temperatures are obtained before 
and a f t e r  each test .  The t o t a l  t i m e  between c d i b r a t i o n s  is noted as a r e  t h e  
t e s t  start and t e s t  completion times t o  permit determination of linear-time- 
cor rec ted  ca l ibra t ion  signals. 
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Photographs and motion pictures. - The system employed f o r   t h e   a c q u i s i t i o n  
of spark schlieren photographs, Fig. 14, cons i s t s  Of a collimated double-pass 
mir ror  sch l ie ren  wi th  an FX-12 f l a s h  lamp of 4-psec durat ion serving as  t h e  
l i g h t  s o u r c e  f o r  exposure. The f i e l d  diameter is 0.203-m with f/8 opt ics .  A 
70-mm camera is used t o   r e c o r d   t h e  image on ASA 320 black and white panchromatic 
film. Steady i l luminat ion for  monitor ing the schl ieren image on a c losed  c i r cu i t  
t e l ev i s ion  system is provided by a mercury arc lamp. This arrangement f a c i l i -  
ta tes  the adjustment  of  a remotely-controlled motorized lmife edge f o r  optimum 
flow visua l iza t ion .  During photographic recording the monitoring system is 
i n t e r r q t e d   f o r   a p p r o x i m a t e l y  0.1 sec. 
A modified 35-mm camera having a s p e c i a l  50-mm foca l   l eng th   u l t r av io l e t  
t ransmi t t ing  lens and f i l ter  combination i s  employed t o  photograph the emission 
of t h e  combusting flows i n  t h e  2500-3260 region  of  the  spectrum. The M A  320 
b lack  and white film used i s  exposed f o r  0.02 sec a t  f/5.6. Emission i n   t h e  
0.7 t o  1.0-micron region of the spectrum i s  photographed wi th  a 35-mm camera 
using high speed infrared negative film with an i rLf rared  pass ing  f i l t e r  over  t h e  
lens.  Ikposure time i s  0.02 sec a t  f/5.6. 
A 16-mm intermittent framing camera is used to  t ake  h igh  speed motion 
p ic tures  of  the  f lm ,  I n  t h i s  work, co lor  reversa l  f i lm ( M A  E 5 )  is exposed 
at f / l .9  with a 50-mm l e n s  and a shut ter  durat ion of’ 0.0033 sec. Normal 
commercial processing i s  sa t i s fac tory  for  deve loping  the  f i lm.  
provision i s  made f o r  remote operation of all cameras. 
Experimental Procedures 
Pre- tes t .  - A thorough inspection of the experimental apparatus and ins t ru-  
mentation i s  conducted p r i o r   t o  each t e s t   t o   v e r i f y  t h a t  water supply hoses 
and pressure measuring l ines  are  properly instal led,  and t h a t  there  i s  cont inui ty  
i n  all e lec t r i ca l  l i nes  inc lud ing  thermocouple leads.  The gas  del ivery l ines  
a re  pressur ized  wi th  nitrogen, and water i s  in t roduced  in to  the  r ig  and probe 
cooling passages for a complete system leak-check. If the apparatus is found 
t o  be  leak- t igh t ,  the  gas  l ines  axe vented and the various gas supplies are 
connected into the gas delivery systems. Hydrogen is  supplied from t r a i l e r s ,  
each holding up t o  3100 standard-m3. The hydrogen supply pressure i s  regulated 
t o  approximately 65.8 X 105 - N/m (65-atm) before  the f low for  the vi t ia t ion 
chamber i s  separated from the flow for the centerbody. Once separated,  these 
hydrogen flows are independently regulated and their  f low rates are independently 
measured with the use of choked ventur is .  The flow r a t e  of t he  make-up gas, 
e i ther  n i t rogen  or oxygen, i s  also determined with a choked ventur i .  The 
gases  are  taken from manifolded gas cylinders having t o t a l  c a p a c i t i e s  of 850 
and 1750 standard m3 fo r  n i t rogen  and  oxygen, respect ively.  All gas  systems 
are monitored and control led from an engineering operations room which is  adjacent 
t o  t h e  t e s t  a r e a .  When the gas  chromatograph i s  t o  b e  used, car r ie r  gas  i s  
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f e d  i n t o  t h e  system, compressed air i s  suppl ied  for  ac tua t ion  of t h e  sample 
valves and all vacuum pumps are s t a r t e d .  
Stast-up. - Compressed air is a v a i l a b l e   t o   t h e  t e s t  f a c i l i t y  a t  pressures  
and flaw rates IQ t o  27.3 x 105 - N/D? (27-atm) and 4.54 - kg/sec, respect ively.  
A t  t h e  start of a t e s t ,   t h e  air is admi t ted  in to  the  exper imenta l  r ig  until a 
desired weight flow is a t t a ined ;  t he  air pressure and temperature upstream of 
the  ( ca l ib ra t ed )  choked beUmouth is monitored f o r  this purpose. Wdrogen is  
then brought into the centerbody from whence it ul t imate ly  fl&s i n t o   t h e  
exhaust duct where it is  ignited with an oxygen-hydrogen torch. Delivery pres- 
sure of the centerbody hydrogen at t h i s   s t a g e  i s  e s s e n t i a l l y  that which w i l l  
be  requi red  for  the  tes t ,  17.7 x 105 - N/K? (17-atm). The flame i n  t h e  
exhaust duct i s  held on a cooled flameholder constructed from steel pipe. The 
flame i s  qui te  unstable  and usual ly  w i l l  go ou t  a f t e r  t he  to rch  i s  removed 
un le s s  t he  v i t i a t ion  chamber i s  immediately ignited. Therefore, hydrogen is  
admi t t ed  in to  the  v i t i a t ion  chamber a f te r  the  exhaus t  duc t  ign i t ion  and immediately 
spark-ignited. All gas flaws are  then brought  to  desired levels .  The f r e e  
j e t s   s t u d i e d   i n   t h e   p r e s e n t  program appear steady t o   t h e  eye during the ent i re  
course of a test .  
Data acquis i t ion.  - Fif teen pressures  and thirty temperatures are monitored 
during the course of a t e s t .  V e n t u r i  t o t a l  and throat  pressures  displayed on 
d i g i t d   v o l t m e t e r s   a r e   c o n t i n u w  scanned by the  t e s t  eng inee r  so t h a t  any 
deviat ion in  gas  f low rates can be detected and immediately corrected. Certain 
c r i t i ca l  cool ing  water  tempera tures  a re  a l so  displayed. 
After a few minutes, once the various temperatures and pressures  reach 
steady levels, schlieren photographs may be taken by depressing a button which 
s imultaneously act ivates  the f lash lamp, camera shu t t e r  and def lec t ion  mirror 
(see Fig. 14) .  Improved p i c tu re  qua l i t y  is achieved by moving the motorized knife 
edge  and observing the resul t  on a T.V. monitor. Other cameras can a l s o  be 
controlled from a remote s ta t ion in  the engineer ing operat ions room f o r  i n f r a r e d  
and u l t r a v i o l e t  photographs, and high speed motion pictures. 
Probes may be brought t o  any pos i t i on   i n   t he   . f r ee  j e t  flow by successively 
ac t iva t ing  the  hor izonta l  and ve r t i ca l  t r ave r s ing  mechanisms until ca l ibra ted  
pos i t ion  ind ica tors  a re  a t  des i red  se t t ings .  Once a probe is  posi t ioned,  pi tot  
p ressures  a re  read from precision gages,  total  temperatures are read from cali-  
brated potentiometers and GC output signals are recorded for subsequent analysis.  
The amplitude of t he  GC signal may be changed on-line by manipulating the sensi- 
t i v i t y  c o n t r o l s  of t h e  GC power supply  to  (1) a l l ow  t h e  measurement of s m a l l  
concentrations of gases, and (2) improve the accuracy of H2 concentration measure- 
measurement s ince  the  de t ec to r  s ens i t i v i ty  fo r  H2 with the present system i s  
approximately 3 percent  of  tha t  for  N2. I n  f a c t ,  + nole  f rac t ions  less  than  
about 0.05 cannot be determined with confidence. 
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Output s ignals  obtained with the scanning Ebert  spectrophotometer are read 
out on a recorder. Absorption measurements a r e  made during a 65-sec downstream 
t r ave r se  at some p re - se t  ve r t i ca l  pos i t i on  r e l a t ive  t o  the  j e t  cen te r l ine ,  wh i l e  
emission measurements are recorded during the return,  upstream traverse.  A s  a 
result of v ibra t ions  wi th in  the  tes t  ce l l ,  rea l ignment  of op t ics  or other  
ad jus tments  a re  typ ica l ly  requi red  a f te r  each  tes t .  
Post- tes t .  - Hydrogen flows t o   t h e   v i t i a t i o n  chamber and centerbody are 
terminated in  sequence to  commence t h e  shutdown procedure. Following this, 
t h e  hydrogen system i s  vented and t h e  air and make-up gas systems are closed. 
The tes t  area may now be   en te red   t o   co l l ec t  exposed f i lm  and prepare for  post-  
test  c a l i b r a t i o n s  f o r  t h e  GC and spectrophotometer. 
In i t i a l   Cond i t ions  
A prec ise  knowledge of i n i t i a l   c o n d i t i o n s  i s  e s s e n t i a l   i n  an experimental 
f l u i d  mechanics study. I n  f ac t ,  much of t h e  equipment design for the experiment 
i s  concerned with producing a flow f i e l d  with cer ta in  required flow proper t ies  
and phys ica l  p roper t ies  at the  en t r ance  to  the  t e s t  s ec t ion  where data a r e   t o  
be taken. The des i red  proper t ies  of the entering stream are usually dic ta ted  
by those phenomena the experimentalist  wishes to induce o r  avoid within the 
t e s t  a r e a .  Thus s t r ingent  phys ica l  and  mechanical r e s t r i c t i o n s  a r e  imposed 
on the apparatus which, often, cannot be fully achieved. 
The perfect experimental  rig f o r  t h e  present study would fea ture :  
1. complete  combustion i n   t h e   v i t i a t i o n   h e a t e r ,  
2. uniform, parallel   shock-free  f low  delivered by the  anndar nozzle 
and centerbody, 
3 .  uniform s t a t i c  p r e s s u r e  a t  the  nozz les  ex i t  p lane  a t  a value of 1-atm, 
4 (I no boundax y l aye r s ,  
5 .  zero  centerbody w a l l  thickness a t  the  nozzles   exi t .  
If Items (1) through ( 5 )  above could be attained, the initial flow conditions 
could be characterized exactly. Furthermore, the influence of the apparatus on 
t h e  downstream j e t  mixing and chemical reaction would be eliminated. There 
would then be some hope of achieving a fu l l  and deta i led  ana ly t ica l  descr ip t ion  
of t h e  flow in t h e  t e s t  s e c t i o n .  
Establishment of test  conditions.  - A t  t h e  stast of t h e   t e s t  program an 
attempt was made t o  produce equivalent inert  and r eac t ive  flows f o r  the study 
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of  the inf luence of chemical heat release on mixing r a t e s .  It was assumed, at 
t h a t  time, t h a t  100 percent combustion eff ic iency could be achieved in t h e  
v i t i a t i o n  chamber at a31 conditions.  However, t h i s  assumption was not  ver i f ied  
by t h e  temperature measurements taken at t h e  10-cm diameter nozzle entrance, 
Fig. 15. Temperatures found fo r  t he  v i t i a t ed  s t r eam con ta in ing  make-up oxygen 
were approximately 200 t o  b O ° K  higher than corresponding temperatures i n   t h e  
v i t i a t e d  stream containing make-up nitrogen. Note t h a t  t h e  f u e l  flow rate and 
t h e   t o t a l  flow are a lmost  ident ica l  for  these  two vi t ia ted f lows;  equilibrium 
ca lcu la t ions  y ie ld  ident ica l  reac t ion  tempera tures .  Attempts to  achieve higher  
tempera tures  in  the  stream containing make-up ni t rogen by in j ec t ion  of up t o  
10 percent more hydrogen  were unsuccessful. Thus combustion i n  t h e  flow with 
excess  iner t  di luent  i s  probably l imited by (1) mixing, so t h a t  p a r t s  o f  t h e  
flow a re  too  fue l - r i ch  to  ign i t e  and (2) chemical kinetics.  The kineticaJ-ly 
l imi t ing  e f f ec t  was inves t iga ted  ana ly t ica l ly  us ing  a UARL computer program, 
t h e  Chemical Kinetics Program, which numerically integrates the coupled system 
of reaction kinetic,  gas dynamic and s t a t e  e q u a t i o n s  t o  g i v e  t h e  time varriation 
of conditions in a reacting one-dimensional flow. Two equivalent pre-mixed 
streams, each containing 0.045h-kg/sec of % and having a t o t d  weight flow of 
2.65-kg/secJ  were  chosen for the computation: a n i t rogen-r ich  s t ream in i t ia l ly  
contained a stoichiometric concentration of 02 and 2.24-kg/sec of N2; 
an oxygen-rich stream in i t i a l ly  con ta ined  0.655-kg/sec of 02 above that  required 
for  s to ich iometr ic  combustion plus  1.59-kg/sec  of N2. Both streams had an 
i n i t i d  temperature of 1050°K and a n  i n i t i a l  p r e s s u r e  of 5.58 x 105 - N/m2 
(5.51-atm) . The calculations,  reproduced in Fig.  16, i nd ica t e  tha t  s ign i f i can t ly  
more time i s  required by the nitrogen-rich stream to burn completely, but a t  
t y p i c a l  combustor ve loc i t i e s  of 30 t o  lOO-m/s su f f i c i en t  l eng th  of v i t i a t i o n  
heater  i s  avai lable  to  achieve high eff ic iencies .  It may be concluded, therefore, 
t ha t  t he  loss of combustion e f f ic iency  ind ica ted  by the temperature measurements 
in  F ig .  1 5  i s  pr imari ly  due t o  incomplete mixing. 
The attainment of 100 percent combustion eff ic iency for  f lows containing 
excess nitrogen i s  c lear ly  not  poss ib le  wi th  t h e  present apparatus. Hence 
completely inert, oxygen-free streams cannot be produced, and some concentration 
of oxygen in t h e  flow m u s t  be tolerated. Furthermore, the establishment of 
sui table  equivalent  flows to  s tudy  the  coupl ing  between mixing and chemical 
reac t ion  can only be accomplished e m p i r i c w ,  through the examination of data. 
Accordingly, c a l i b r a t i o n  t e s t s  were conducted to  determine two s e t s  of equivalent 
flows. One s e t  o f  flaws with an exhaust  s ta t ic  temperature  s l ight ly  greater  
than the autoigni t ion value was designGted the  low temperature set .  The (other)  
high temperature set ,  withan exhaust static temperature approximately 10 percent 
higher than the lar temperature set, has an associated igni t ion delay t ime 0.3 
t o  0.5 tha t  o f  t he  low temperature set (depending on which of t h e  many ava i lab le  
igni t ion delay expressions i s  used fo r  t he  ca l cu la t ion ) .  Each se t  con ta ins  a 
( r eac t ive )  v i t i a t ed  a i r  flow w i t h  an oxygen volume concentration of approximately 
21 percent, and an " iner t"  v i t ia ted  n i t rogen  flow with an oxygen volume 
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concentration of approximately 5 percent .  In  the  course  of  the  ca l ibra t ion  tests, 
f l u i d  flow rates w e r e  v z i e d   u n t i l   t h e   t o t a l   t e m p e r a t u r e   p r o f i l e s  at the nozzles  
ex i t   p lane  were e s s e n t i a l l y   t h e  same fo r   bo th   v i t i a t ed   n i t rogen  and v i t i a t e d  
air, at each of two temperature levels,  see Fig. 17. Gas flow rates correspond- 
ing  to  these  r e su l t s  appea r  i n  Table I. The vitiated streams exhausted from 
t h e  annular nozzle at a s t a t i c  p r e s s u r e  of 0.91 X 105 - N/$ (0.9-atm), f o r  
all the  condi t ions of Table I. T h i s  slight under-expansion had t o  be accepted 
i n   o r d e r   t o   o b t a i n   g a s  flaw rates which were cons i s t en t   w i th   t he   capab i l i t i e s  
of t h e  g a s  s t o r a g e  f a c i l i t i e s  t o  p r o v i d e  r e a l i s t i c  run times. The very weak  wave 
which results from t h e  mismatch Ki th   ceU  p re s su re  has an associated angle 
which is only 1 deg l a rge r   t han   t he   mch  wave angle corresponding t o  a pe r fec t  
match of t h e  flow f i e ld  p re s su re .  
The flow delivered by the nozzles.  - Shocks which emanate from a poorly- 
designed nozzle propagate downstream to  in f luence  the  en t i r e  flow f i e l d .  Large 
v a r i a t i o n s  i n  s t a t i c  c o n d i t i o n s  caused by these waves r e s u l t   i n  complex f l u i d  
mechanical and chemical e f f e c t s  t h a t  are not w e l l  understood. Great care must 
be taken in  the design of  nozzles ,  therefore ,  to  insure that  shocks w i l l  not 
form within the nozzle .  In  addi t ion,  when coaxia l  supersonic  je t s  a re  under study, 
the  exhaus t  s ta t ic  pressures  of  the  je t s  m u s t  be matched t o  avoid shock formation. 
The success  of  the  present  e f for t  to  minimize shock-related effects on the  
mixing and combusting flows may be gaged by examining schlieren photographs 
o f  t he  j e t s  i s su ing  from the nozzles,  for each of the  four  tes t  condi t ions  
l i s t e d  i n  T a b l e  I. The photographs, Figs. 18 and 19, v e r i f y  t h a t  shockless flow 
is  del ivered by the nozzles .  The waves s t a r t i n g  at the centerbody and extending 
in to   bo th   t he   v i t i a t ed  stream and H2 s t ream are  essent ia l ly  mch waves whose 
influence on the  flow i s  not expected t o  be important. 
Boundary layer  thicknesses  a t  the nozzles  exi t  plane on the  outer  and inner 
centerbody surfaces were ca lcu la ted  to  be  1.85-m~ and l.l5-mm, respect ively.  
These boundary layers and the 0.54-mm centerbody l i p  c o n s t i t u t e  a 3 . 5 4 "  
t h i c k  r i n g  which w i l l  appear as a wake i n  the f r e e  j e t  flaw. V e l o c i t i e s  i n  a 
wake are  lower than i n  the surrounding f l u i d  and f luid residence t imes may 
be very large.  Imtger residence t imes can, i n  tu rn ,  result in shor t e r  i gn i t i on  
lengths  i f  t he  f l u i d  i n   t h e  wake consists of a combustible mixture of f u e l  and 
air a t  a temperature exceeding the autoignition value. However, mixing, t he  
very process which b r ings  fue l  and high temperature air together,  also rap id ly  
increases  wake ve loc i t i e s .  If wake v e l o c i t i e s  are increased  s igni f icant ly  
before  proper  concentrat ions of  fuel  and oxident can be brought together or 
before  the  w a k e  t e q e r a t u r e s  aze raised t o  lOOOOK, t hen   t he   e f f ec t  of t h e  w a k e  
on ign i t i on  w i l l  not  be important. From computations made with the mixing 
and combustion analysis, described i n  a later sec t ion  o f  t h i s  r epor t ,  t h i s  
appears to  be  the  case  for  the  present  exper iments .  
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Vi t i a t ion  combustion e f f ic ienc ies .  - Maximum t o t a l  t empera tu res  from 
Fig. 17 and concentrations at the nozzles  exi t  plane,  see Fig.  20 f o r  t y p i c a l  
data, were compared to  equi l ibr ium chemis t ry  ca lcu la t ions  to  es tab l i sh  com- 
bus t ion  e f f ic ienc ies  for  the  condi t ions  in  Table  I. The cailculational. procedure 
of R e f .  2 1  was employed. All reac tan ts  were i n i t i a l l y  a t  284% and t h e  v i t i a t i o n  
chamber pressure was taken as 5.62 x 105 - N/& (5.55-atm) . Computations  were 
made assuming tha t  var ious  f rac t ions  of t he  ava i l ab le  hydrogen between 0.7 
and 1.0 were consumed during vi t ia t ion.  Fol lowing vi t ia t ion,  each of  the resul t ing 
product streams was expanded through a Mach 1.86 n o z z l e  t o  a s t a t i c  p re s su re  o f  
0.91 x 105 - N/m2 (0.9-atm) . Frozen and equilibrium expansions downstream  of 
the nozzle  throat  were found to  y ie ld  ident ica l  concent ra t ions  for  the  molecular  
species .  The combustion efficiency, defined as the percent  of  avai lable  hydrogen 
consumed, was determined by matching the calculated nozzle exhaust conditions 
with t h e  data. The r e s u l t s  o f  this comparison are presented in Table 11. As 
seen from th i s  t ab le ,  t he  ca l cu la t ed  combustion e f f ic iency  which best  agrees  
wi th  the  data was 95 percent for bo th  v i t i a t ed  air tes t  condi t ions ,  83 percent 
for  the high temperature  vi t ia ted ni t rogen tes t  condi t ion,  and 73 percent  for  
t h e  low tempera ture  v i t ia ted  n i t rogen  tes t  condi t ion .  Note t h a t  t h e  low tempera- 
t u r e  v i t i a t e d  n i t r o g e n  stream contains about 70 percent more iner t  d i luent  than  
the high temperature  vi t ia ted ni t rogen s t ream. 
Photographic Study 
High speed motion p ic tures .  - High speed (128 fps)  co lor  motion p i c tu re s  
were taken at all tes t  condi t ions,  a l though only  t h e  luminous j e t  flaws f o r   t h e  
v i t i a t e d  air conditions could be recorded. Examination of t h e  films r e v e d e d  
an unsteady but cyclical  behavior of t h e  flame i n   t h e   f r e e  j e t  flow f i e l d .  
During a typ ica l  cyc le  of 0.020 t o  0.024 sec, the brightly burning flame 
disappeared and then reappeared, ultimately regaining i t s  initial l m - o s i t y .  
High speed black and white  motion p ic tures  at 500 fps  were a l s o   t a k e n   t o   v e r i f y  
t h e  flame variations.  Ten frames  of t h i s  film, about  one flame cycle, are 
reproduced in Fig. 21. Note t h a t  combustian occurs downstream of the probe 
s t r u t  even i n  t h o s e  frames where no upstream flame i s  i n  evidence. 
jk an attempt t o  determine the origin of the f lame instabi l i ty ,  high 
frequency response pressure transducers were placed on all gas supply l ines  and 
on the upstream air bellmouth pressure,  the mixing section pressure,  the vit ia- 
t i o n  chamber pressure and the nozzle exit pressure. Recordings were m a d e  of 
dl pressures during the course of s e v e r a l  v i t i a t e d  air  tests. No f luc tua t ions  
were de tec t ed  in  any of t h e  gas supply pressures, or  in t h e  plenum pressure 
upstream of t he  airflow bellmouth. However, a s inusoidal  pressure f luctuat ion 
w a s  found in t h e  mixing section and t h e   v i t i a t i o n  chamber; the  pressure  var ia t ions  
had a frequency of about 42 cps and an amplitude of 1.38 x lo4 - N/E? (0.136-atm). 
Very s l igh t  vas i a t ions  were also evident  on c lose  inspec t ion  of the record of t he  
nozzle exahust pressure.  It m u s t  be concluded therefore  that  the cycl ical  
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i n s t a b i l i t i e s   a r e  produced i n   t h e  cavity of the experimental  apparatus downstream 
of t h e  air bellmouth. 
If it assumed that a constant weight flow is  maintained through the mixing 
and combustion tes t  r ig ,  then  combustion temperature f luc tua t ions  m u s t  accompany 
t h e  v a r i a t i o n s  i n  v i t i a t i o n  chamber pressure .  S ince  the  v i t ia t ion  chamber 
pressure is 
fluctuaticms of +75OK and + 8 3 O ~  are requi red  for  the  low and high temperature 
conditions,  respectively.  Corresponding  exhaust  static  temperatures are 
- - 




The e f f e c t  of such temperature variations on ign i t ion  cha rac t e r i s t i c s  a re  
profound at tempera tures  c lose  to  the  au to igni t ion  limit, Thus the changing 
luminosity of t he  flame, and even the apparent extinguishment during each 
flame cycle,  are not surprising, 
The findings discussed above suggest  that  the pressure f luctuat ions are  
associated with vibrat icms of the gas  m a s s  w i t h i n   t h e   t e s t   r i g  downstream of 
the bellmouth. While exact calculation of the resonant frequency of t h e  test 
r i g  i s  made d i f f i cu l t  by  unce r t a in t i e s  in end correct ions and the inhomogeneous 
nature  of t he  gas, a crude estimate can be made from the expression 
Yr = - C 4L 
which a p p l i e s  t o  a tube w i t h  one  opened  end (Ref .  22) In Eq. (3), c i s  the 
sound speed and L is  the  length  of the enclosure.  The sound speed of t he  com- 
bustion gases is  approximately &O-m/s and t h a t  of the gas approaching the 
v i t i a t i o n  chamber is 33O-m/s0 Using a length-averaged sound speed of 610-m/~, 
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or roughly the experimental value. The contribution of the nozzle section was 
not  included in  the calculat ion.  
The t ime  to  make any given measurement general ly  encompasses several  cycles  
of flame fluctuations s o  t h a t  some averaged e f f e c t  is manifested. It is expected 
t h a t  the "averaged" conditions measured show a greater  inf luence of  combustion 
than would be found i n  a corrparable steady flame situation, since reaction rates 
are l a rge ly  eqonen t i a l  func t ions  of temperature (see Shelkin's  argument r e -  
garding large scale turbulence,  Ref. 23). 
Inf ra red  and ultraviolet  photographs.  - Ult rav io le t  and infrared photographs 
o f  t he  f r ee  j e t  region are presented (3 sca l e )  fo r  t h e  high and low temperature 
v i t i a t e d  air condi t ions in  Figs .  22 and 23, respect ively.  No flame was observed 
i n   t h e  photographs for  the  v i t ia ted  n i t rogen  condi t ions  for  e i ther  the  inf ra red  
or ultraviolet  portion of the spectrum. The exposure time of 0.02 sec utilized 
f o r  these photographs was su f f i c i en t  t o  inc lude  a complete cycle of flame f luctua-  
t i ons  
Figures 22 and 23 a re  qu i t e  similar and d isp lay  essent ia l ly  the  same charac- 
t e r i s t i c s ,  i.e., very shallow flame angles  andigni t ion  lengths  less  than  3-cm. 
Flame half-angles measured from the photographs are 2 t o  3 degrees. 
The thicknesses of the W emit t ing OH zones a r e  somewhat larger than t h e  
zones containing water which are observed inthe corresponding infrared photographs. 
This is  consis tent  w i t h  +/02 flame chemistry in  tha t  l a rge  concen t r a t ions  of 
OH m u s t  bui ld  up before combustion with attendant formation of water can occur. 
Thus s ignif icant  concentrat ions of OH may be p re sen t  i n  po r t ions  of t h e  flow 
where no water has ye t  been produced. It has been assumed here t h a t  t h e  I R  
emission is  from %O and the  W emission is due t o  OH. For completeness it must 
be pointed out t h a t  a def in i t ive  spec t ra l  scan  was not conducted so  t h a t  t he  
presence of impurities which emit in either t h e  I 3  or  W bands cannot be discounted. 
Local Conditions Throughout the Free Jet  Flow F ie lds  
Table I11 summarizes the  t e s t  cond i t ions  fo r  which p r o f i l e  measurements 
were acquired during the tes t  program. A de ta i l ed  l i s t i ng  o f  all probe data 
i s  given i n  Table I V ;  a compilation of the spectrophotometer data is given i n  
Tables V and V I .  
P i to t  p ressure  prof i les .  - The development o f  p i to t  p re s su re  w i t h  downstream 
dis tance  for  the high temperature vit iated N2 .condition, s b n   i n  Fig. 24 is 
representat ive of  t h i s  type of data. The i n i t i d ,  s t e p - f u n c t i o n  p r o f i l e  ( a l s o  
see Fig.  4), is  gradually eroded by momentum t ranspor t  between t h e  various 
streams u n t i l  a t y p i c a l  mixing layer p r o f i l e  i s  achieved at t h e  35.6-cm s t a t ion .  
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A comparison between p i t o t   p r o f i l e s   f o r  the high temperature air and N2 conditions 
at x = 35.6-cm i n  Fig: 25 d isc loses  smi l1  differences which a re  conf ined  to  
a 2.5-cm radius circular region about the j e t  center l ine .  
Temperature p r o f i l - .  - The t o t a l  temperature p r o f i l e  a t  X = 0.33-cm f o r  
t h e  v i t i a t ed  n i t rogen  tes t  conditions (Fig. 26) displays a temperature plateau 
of about 1700°K. As mixing proceeds, t h e  cold ambient stream and central. hydrogen 
je t  pene t r a t e  i n to  the vitiated stream. A temperature peak of 1840'~ which occurs 
i n   t h e  mixing l a y e r  between t h e  v i t i a t e d  flow and t h e  hydrogen stream results 
from some combustion of t h e  oxygen ca r r i ed  in  the  v i t i a t ed  n i t rogen  s t r eam.  A 
similar temperature peak was found i n  t h e  law temperature nitrogen data. 
Attempts on two occasions t o  measure downstream j e t  temperatures  for  the 
v i t i a t e d  air conditions were aborted due t o  probe burn-out, so t h a t  no tempera- 
ture data i s  avai lable  for  these cases .  
Also shown in  F ig .  26 are temperatures calculated from spectrophotometer 
data.  The ove ra l l  quan t i t a t ive  agreement  between the  two types of  measurements 
i s  only fair  w i t h  the  spectrophotometer-determined values averaging 200-300°K 
less  than the probe values  a t  X = 0.33 and 10.2-cmY and 500°K l e s s  at 
X = 25.4-cm. It should be noted t h a t  although complete scans were taken w i t h  t he  
spectrophotometer, a port ion of t h e  data was l o s t  due t o  equipment malfunction. 
A compilation of a l l  temperatures ultimately obtained w i t h  t h e  spectrophoto- 
meter i n  Table V reveals  that measured temperatures a t  t h e  edge o f  t he  flame 
region, i.e., Z = 1.90-cm, are  lower for  t h e  h igh  temperature air conditions 
t h a n  t h e  high temperature N2 conditions.  The reason  for  t h i s  inconsis tent  
r e s u l t  is  not known, 'although it i s  suspected t h a t  the underlying assumption 
of l o c a l  thermodynamic equilibrium used i n   t h e  spectrophotometer data ana lys i s  
breaks down i n  combusting portions of t he  flow. 
Species  concentrat ion prof i les .  - The sharply defined concentration distri- 
butions a t  the nozzle  exi t  plane noted in  Fig.  20 f o r  t h e  high temperature nitrogen 
case, axe changed through intermixing into the smoothly varying profiles of 
Fig. 27. By the  X = 35.6-cm locat ion,   s ignif icant   ni t rogen,  oxygen and water 
from t h e   v i t i a t e d  stream have penetrated through the  cen t r a l  hydrogen s t ream  to  
t h e  j e t  c e n t e r l i n e .  Some spreading of hydrogen beyond the centerbody l i p  l o c a t i o n  
is  a l so  c lear ly  ind ica ted .  The presence of a water "bump" v e r i f i e s  t h a t  some 
combustion takes  p lace  for  the  v i t ia ted  n i t rogen  condi t ions ,  as was previously 
suggested by t h e  to t a l   t empera tu re   p ro f i l e s   p re sen ted   i n   F ig .  26. 
P ro f i l e s  measured a t  X = 35.6-cm f o r  t h e  high temperature air conditions, 
Fig. 28,  axe similar to  those  fo r  t he  n i t rogen  case .  The w a t e r  bump i s  somewhat 
more prominent, suggesting that add i t iona l  s ign i f i can t  combustion has  occurred. 
However, t h e  center l ine  hydrogen concentration i s  about t h e  same. I n  f a c t ,  t h e  
va r i a t ion  of t h e  cen te r l ine  hydrogen and nitrogen concentration w i t h  downstream 
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distance (Fig.  29) is i d e n t i c a l  f o r  b o t h  high temperature conditions when a 
proper normalization is used t o  r e f l e c t  d i f f e r e n t  i n i t i a l  c o n c e n t r a t i o n s .  Thus 
any influence of combustion on mixing rates which may be p resen t  i n  these  
experiments does not appear t o  be dramatic. 
Water concentrations from spectrophotometer measurements are compared t o  
the corresponding probe measurements i n  Table V I I .  The spectrophotometer con- 
cent ra t ions  are l a r g e r   i n  all but  one case,  but  the same t rends  are indicated 
i n  both sets of data. 
ANALYTICAL STUDY 
Mixing and Combustion Analysis 
An analy-tical study of the simultaneous trubulent mixing and chemical reaction 
of free,axiaUy directed,  supersonic gas streams was conducted using the computer 
program described i n  Ref. 4. Local conditions along streamlines in a constant 
p re s su re ,  f r ee  j e t  flow f i e ld  a re  ob ta ined  from a numericail solut ion of t h e  
boundary layer form of the conservat ion equat ions in  the von Mises coordinate 
system. Nonequilibrium chemical reaction effects are included in the analysis 
by employing a co r re l a t ion  of t he  ign i t i on  and reaction t ime-history of the 
Q / A i r / @ O  system. The mixing rate is  introduced through t h e  specif icat ion of  
a formulation for the kinematic eddy v iscos i ty .  
The s t a t i c  p re s su re  and t h e  d i s t r ibu t ions  of velocity (or  m c h  number), 
temperature and species  concentrat ions in  t h e  gas streams a t  t h e  nozzles exit 
plane  cons t i tu te  the  requi red  input  for  th i s  computer  program. The operation 
of the  cmputer  program may be br ief ly  descr ibed as follows. Mixing and combustion 
between the  v i t ia ted  s t ream and c e n t r a l  hydrogen j e t  i s  t r ea t ed  by dividing 
t h e  flow f i e l d  i n t o  a l a rge  number of small segments, and solving the conserva- 
t i on  equa t ions  in  the  manner of an i n i t i a l   v a l u e  problem w i t h  t h e  conditions a t  
the  end of one segment becoming the  in i t i a l  cond i t ions  fo r  t he  fo l lowing  segment. 
Within each segment mixing is assumed t o  proceed independently of any chemical 
reaction effects. Therefore, when equations describing the conservation of mass, 
momentum, species concentrations,  and energy  are  wr i t ten  for  the  segment, terms 
involving t h e  generation of heat and the production or loss of reac t ive  spec ies  
axe omitted.  After the f l u i d  wi th in  the  segment has mixed, chemical reaction 
effects  are  introduced on the  b a s i s  of average conditions within the segment. 
Conditions are subsequent* adjusted within the segment t o   r e f l e c t  heat re lease  
and species chemical conversions before proceeding t o  t h e  a d j a c e n t  downstream 
segment. I n  t h i s  procedure it i s  assumed t h a t  the gases  obey the  pe r fec t  gas 
law and the  flow i s  shock-free. The turbulent  Lewis number and turbulent  Prandt l  
number a r e  teaken equal t o  u n i t y .  
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The appl ica t ion  of t he  boundary layer  equat ions  to  mixing  s i tua t ions  in  
which t h e  cha rac t e r i s t i c s  of t h e  two streams axe s ign i f i can t ly  d i f f e ren t  has been 
c r i t i c i z e d  by F e r r i  i n  R e f .  24. Certainly, the assumption of  constant  s ta t ic  
pressure throughout a combusting flow i s  questionable since mass conservation 
considerat ions require  t h a t  t h e  flow t u r n  away from the center l ine  as the flame 
f r o n t  i s  approached. I n  the preser;t experiments, however, the flame angle and 
hence t h e  def lec t ion  angle of t h e  flow upstream of t h e  flame are small, and t h e  
use of a constant-pressure turning approximation is  reasonable. 
Chemical. Model 
The f r ac t ion  of hydrogen f u e l  e n t e r i n g  a given segment of the flow which 
remains unreacted in i t s  passage through the segment is required as i n p u t  t o  
t h e  analysis .  Thus a su i t ab le  co r re l a t ion  fo r  t h e  unreacted fuel  f ract ion,  f ~ 2 ,  
as a funct ion of l o c a l  flow conditions and species concentrations, and the t ime 
t o  t r a v e r s e  t h e  segment, i .e., the residence t ime AT A X  /\, m u s t  be provided. 
This  "history" of t he  combustion of % was obtained by employing the  reac t ion  
mechanism and r e a c t i o n  r a t e  c o n s t a n t s  s e t  f o r t h  i n  Table V I 1 1  i n  a one-dimensional, 
cons tan t  pressure  k ine t ics  computer  program. The in i t ia t ion  reac t ion ,  Reac t ion  1 
of Table V I I I ,  w i t h  the three chain-branching Reactions 2, 3, and 4, have been 
found to  y ie ld  induct ion  t imes  which a re  in excel lent  agreement w i t h  measurements 
i n  shock tubes (Refs. 34 and 35). I n i t i a l  c o n d i t i o n s  f o r  t h e  computer  computations, 
including temperature and concentrations of all important species (i.e.,  H, OH, 0, 
H20,  H2,  N2, and 02) were taken from the vit iation-nozzle exhaust calculations 
descr ibed  ear l ie r .  A s  expected, r e l a t ive ly  l a rge  in i t i a l  concen t r a t ions  of t h e  
f r ee  r ad ica l s  H and OH a re  present  as a r e s u l t  of the preburning. In the absence 
of preburning cornpasable f r e e   r a d i c d   c o n c e n t r a t i o n s  would be a t ta ined  only  a f te r  
a ''production" time which m a y  not  be insignif icant  compared t o  t h e  i g n i t i o n  d e l a y  
t ime, Therefore,  since free r a d i c a l s  p lay  an impor tan t  ro le  in  the  ign i t ion  
process (cf ., Ref. 36) it is an t ic ipa ted  tha t  shor te r  ign i t ion  t imes  would be 
observed for the combustion of a v i t i a t ed  s t r eam than  fo r  one pre-heated by a 
pebble bed. This supposit ion was ve r i f i ed  ana ly t i ca l ly  by  computing reaction-time 
h i s t o r i e s  f o r  t e s t  c a s e s  which were i d e n t i c a l  i n  aJ1 respects except t h a t  t h e i r  
i n i t i a l  c o n c e n t r a t i o n s  of f ree  rad ica ls  d i f fe red .  Ign i t ion  de lay  t imes  found 
for  the  cases  wi th  zero  in i t ia l  f ree  rad ica l  concent ra t ions  were two t o  f i v e  t i m e s  
longer t h a n  t h o s e   f o r  comparable cases w i t h  concen t r a t ions  o f  i n i t i a l  f r ee  
r ad ica l  r ep resen ta t ive  of the present experiments. 
Time h i s t o r i e s   w i t h   t h e   i n i t i a l   c o n d i t i o n s  l is ted i n  Table IX were cor re la ted  
i n  t h e  form shown in  F ig .  30, giv ing  the  f rac t ion  of unburned hydrogen as a function 
of the time, 0,  temperature, T, and equivalence ratio, ER. The curve drawn through 
the  co r re l a t ed  k ine t i c s  i n fo rma t ion  in  F ig .  30 w a s  in t roduced  in to  the  mixing 
computer program i n  tabular form. 
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The chemical reactim h i s to ry  of Fig.  30 can  idea l ly  be divided i n t o  three 
dis t inct  time periods : (1) an isothermal  preigni t ion per iod of  length T I D  
during which molecular species concentrations remain unchanged, (2) a reac t ion  
per iod of length  T R  during which significant changes occur with time, and (3) 
an equilibrium period. The pre igni t ion  per iod  is defined as t h e  time required 
f o r  Q t o  fa31 not iceably belar uni ty .  Refer r ing  to  F ig .  30, t h i s  time may 
be loca ted  at a value of the correlating parameter F = 0.076. Thus 
-3.60 
T - 8.1 X IOdo [ T X IC4] ID - 
T h i s  expression i s  used with an igni t ion cr i ter ion to  descr ibe the chemistry in  
t h e  p r e i g n i t i o n  p e r i o d .  I a i t i o n  i s  said t o  occur on any streamline q bomding 
a paxt icular  segment of  the flow at t h e  axial loca t ion  xk where the fol luwing 
condition i s  s a t i s f i e d :  
x =  X k  
x = o  
If ign i t ion  has already occurred on streamline q upstream of t h e  segment in  ques t ion ,  
then the extent of chemical reaction, i.e., the degree of water formation and 
heat  re lease,  is  determined by employing the  cor re la t ing  curve  of Fig.  30. 
Conditions of t h e  flow leaving the segment a re  then  ad jus ted  to  re f lec t  chemica l  
reac t ion  e f fec ts .  It is assumed in t h i s  t h a t  t h e  e x t e n t  of  combustion i n  any 
segment is  s m a l l  s o  t h a t  changes in  ve loc i ty  and s t a t i c  p r e s s u r e  can be ignored. 
Note t h a t  the correlat ion factor  or  "his tory" F i s  accumulated on streamline q 
fol lowing igni t ion just as t h e  r a t i o  A 7/rID is summed p r i o r  t o  i g n i t i o n .  
One addi t iona l  problem which m u s t  be considered is  the intermixing of 
packets of f l u id  with different  react ion-t ime his tor ies .  Consider  a f l u i d  
flowing at the  rate Wo with his tory Fo between the s t reamlines  q and q + 1 i n  
any given segment AX. I n  the passage through the segment, an amount A W  of  the  
f l u i d  wi th  h is tory  Fo passes  across  the s t reamlines  and an equal flow of f lu id ,  
AW, mixes i n  from the adjacent  regions to  replace it. The portion of AW f l a r i n g  
i n t o   t h e  segment bounded by streamlines q and q + 1 across streamline q has 
a h i s to ry  Fq, and t h a t  moving across streamline q + 1 has a h i s to ry  Fq+l. A t  
the  end of t h e  segment AX, a new h i s to ry   F ro  of t h e  f l u i d  may be determined from 
t h e  mass-averaged relat ionship,  
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where 
Ei ther  f ract ional  weight  flaw, sayhWq/Wo, may also be wr i t t en  a s  
i n  which t h e   r a t i o  of charac te r i s t ic  t ransverse  and l o n g i t u d i n d   v e l o c i t i e s ,  
(v /u ), i s  e s sen t i a l ly  t h e  tangent of the flame angle, i.e., the flame spread. 
m e r i m e n t d  evidence t o  support such a dependence of flame spreaci on turbulence 
l e v e l  for low speed turbulent  je ts  at n e a b  equal  ve loc i t ies  i s  given by 
Lefebvre and Reid (Ref. 37). Thus 
9 0  
for the present experiments.  The t ransverse dis tance Zq+&, was se t  equa l  t o  
s(Zq+Zq+l) 1 i n   t h e   p r e s e n t  analysis. 
f ix ing  Model 
The mixing and combustion computer program can be  used t o  generate a de ta i led  
flaw f i e l d   f o r  given i n i t i a l  c o n d i t i o n s  and appropriate  boundasy conditions, once 
a kinematic eddy v i scos i ty  d i s t r ibu t ion  has been specified. In any general  
formulation of the kinematic eddy v iscos i ty ,  it is  necessazy to  cons ider  the  
turbulence ini t ia l ly  present  in  the je ts ,  i .e . ,  the  'hreturbulence,"  as w e l l  as 
the turbulence produced as a r e su l t  o f  t h e  in te rac t ions  between t h e  j e t s .  When 
t h e  v e l o c i t y  r a t i o  m 3 ua/uF d i f f e r s  s i g n i f i c a n t l y  from unity, the  growth of 
t h e  mixing lqyer is  control led by je t  interact ion s ince shear ing s t resses  of  
laxge magnitude occur which induce high in tens i ty  turbulen t  ac t iv i ty .  As m 
25 
approaches unity, however, the  preturbulence contribution m a y  become t h e  dominant 
f ac to r .  Thus in a j e t  mixing s i tuat ion where m (X = 0) << 1, t h e  i n i t i a l  s p r e a d  
of t h e  mixing l a y e r  depends on jet-induced turbulence, while far downstream, 
after appreciable decay of the centerline velocity,  the effect  of preturbulence 
may become inportant .  Thus t h e  flow disp lqrs  a "memory, 'I i n  that mixing far 
downstream i s  control led by a turbulence  leve l  which is  i n i t i d l y   p r e s e n t   i n   t h e  
j e t s .  To a s ign i f i can t  deg ree  th i s  t u rbu lence  l eve l  is a function of the ex- 
perimental  apparatus so tha t  t he  va lue  of m (=ml)  a t  which preturbulence becomes 
important is  a cha rac t e r i s t i c  of the system under consideration. While a value 
of m l  c l o s e  t o  u n i t y  maq be obtained, in theory,  in a very casefully designed 
experiment, values of m l  between 0.4 and 0.6 are found t o  be representa t ive  of 
a major portion of the existing mixing data (cf ., Ref 38 and Figs. 5 and 7 of 
Ref ., 39) 
Classical&, t h e  constant exchange coefficient hypothesis of Prandtl  has 
been used for  the  turbulence  cont r ibu t ion  from je t  in te rac t ion .  This  formula t ion  
f o r   t h e  kinematic eddy v i scos i ty  may be wri t ten as 
c = ~ ( 1 -  m )  b u  e 
where K is  a universal  constant  in  each region of t he  j e t  f o r  a given geometry, 
e.g., K = 0.00764 in the  core  region and 0.0089 in t h e  developed region of an 
axisymmetric j e t ,  s e e  Ref. 39. I n  Eq. (10) b is  the  t ransverse  ex ten t  of  t h e  
mixing layer. 
An extension of t h e  above e x p r e s s i o n  t o  j e t  flows i n  which density varries 
through the mixing l aye r  was der ived  in  R e f .  39 i n  the form 
The pazameter n i s  t h e   r a t i o  of dens i t ies ,  pa//+ . 
A t  some longi tudind.  dis tance X = the  preturbulence mechanism becomes 3 dominant and. a d i f f e ren t  eddy v i scos i ty  mo el m u s t  be employed. This problem 
was t r ea t ed  i n  Ref. 39 wi th  the  resu l t  for  the  reg ion  of t he  flow downstream of X1: 
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Deviation of Eq. ( X )  depends on t h e  assumption that  the  shear  flow induced by 
the preturbulence is self-preserving, i.e., t he  d i s t r ibu t ion  of the nondimensiond 
turbulen t  shear  stress ac ross  the  mixing layer is  similar at any cross  sect ion.  
Verification of such behavior is  provided by the measurements i n  Ref. 4.0 f o r  
plane jets i n  most  of t h e  developed region. Furthermore, it i s  i n t e r e s t i n g  t o  
no te  tha t  Eq. ( 1 2 )  closely corresponds -to the expression describing the mixing 
of an incompressible submerged je t  s ince  the  f ac to r  i n  the  squa re  b racke t s  is  
only a slowly  varying  function  of m and n. 
fk a p r a c t i c a l  matter eddy viscosi ty  formulat ions have h i s t o r i c a l l y  been 
a p p l i e d  t o  b o t h  i n e r t  and reac t ive  je t  f lows .  This pract ice ,  while  s t i l l  
widely followed, has la te ly  been the subject  of  renewed study. The work of 
Eschenroeder (Ref. 41) has providea the s t i m u l u s  f o r  t hese  r ecen t  e f fo r t s  which 
seek to  discover  the inf luence of  chemical. heat  re lease on mixing r a t e s .  Malte 
i n  Ref. 42 shows t h a t  i f  chemical reaction i s  taking place, then the density 
f luc tua t ions  and corresponding acoust ic  pressure f luctuat ions couple  in  such a 
manner as t o  i n t e n s i f y  t h e  v o r t i c i t y  and turbulent kinetic energy of a flow. 
Combustion therefore  increases  the  turbulen t  in tens i ty  in  a turbulent shear flow, 
and th i s  increase  should  be  re f lec ted  by an augmented  eddy viscosity., The cor- 
rection derived f o r  t he  eddy v i s c o s i t y  i n  Ref. 42 was based on the  g loba l  
reac t ion  ra te  g iven  in  Ref .  4 which w a s  determined for  zero ini t ia l  concentrat ions 
of 0, H, and OH. A su i tab le  cor rec t ion  appl icable  to  a given experiment may be 
derived, if needed, by following the method of Ref. 42 but using a more appro- 
pr ia te  react ion-t ime his tory.  
DISCUSSION OF RESULTS 
Ekperimentd  Results 
Consistency calculation. - The t o t a l  ( i n t e g r a t e d )  hydrogen flow rate was 
computed at severa l  axial. s ta t ions  fo r  bo th  v i t i a t ed  n i t rogen  t e s t  cond i t ions  
as an a v e r d l  check of the dependabi l i ty  of  the species  concentrat ion,  pi tot  
pressure,  and temperature measurements. The resulting weight flows, presented 
in  F ig .  31, a r e  ccarrpared to  the del ivered weight  flow which was measured using 
a v e n t u r i  i n  t h e  % supply l ine.  The primary cause of the deviat ions which 
appear i n   t h e   f i g u r e  may be t raced to  inaccuracies  in  the temperature  measurements 
which, unfortunately,  accrue from the pasticular construction of t he  a sp i r a t ing  
temperature probes. Fluid whose temperature is t o  be measured is  asp i ra ted  
through a 0.476-cm diameter hole that  serves as t h e  i n l e t  t o  t h e  probe. The 
averaging which m u s t  occur  over  the inlet  hole  area precludes the determinat ion 
of t rue  loca l  tempera tures  when gradien ts  ex is t  i n  t h e  flow, and no accurate 
determination of integrated weight flows can be made. It i s  of i n t e r e s t  t o  
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note, however, t h a t  t h e  e r r o r  in the integrated weight  flows is  t h e  same at 
almost a;U axial loca t ions .  
P ro f i l e  s imi l a r i t y .  - Nondimensional nitrogen c-oncentration profiles at t h e  
three downstream s ta t ions ,  X = 17.8, 25.4, and 35.6-cm for high temperature 
v i t i a t e d  air and high temperature vit iated nitrogen conditions are presented 
in  F ig .  32. The nondimensional concentration used is  the  d i f f e rence  between 
l o c a l  and vit iated stream mass f rac t ions  d iv ided  by the  d i f fe rence  between 
cen te r l ine  and v i t i a t e d  stream mass f rac t ions .  Radial pos i t ion  i s  nondimsional- 
ized w i t h  t he  r ad ius  of the centerbody. The results i n  F i g .  32 i n d i c a t e  t h a t  
p r o f i l e  s i m i l a r i t y  i s  achieved for  both the react ive and " iner t"  je t  f lows .  
A curve of t h e  form 
gives a good representat ion of all t h e  data. 
Comparison of Analyt ical   Predict ions  with Data 
The ve loc i ty  ra t ios ,  k / U i ,  f o r  t he  cond i t ions  t e s t ed ,  va r i ed  from 0.698 t o  
0.749 suggesting that mixing was controlled exclusively by the preturbulence 
mechanism, i.e., X1 = 0. Accordingly, the kinematic eddy v i scos i ty  model given 
by Eq. (E) w a s  u t i l i z e d   w i t h   t h e  mixing and combustion computer program t o  
generate detailed flow proper t ies  at a cons t an t  s t a t i c  p re s su re  o f  0.91 x 105 - 
N/m2 (0.9-atm) for comparison with the measurements.  For these calculations the 
extent of t h e  mixing layer, b, was taken as the  t ransverse  d is tance  between the  
poin ts  in t h e  flow at which 
and 
The value of ml used in all. caJxulations was 0.60; nl was taken as 2.69 f o r  t h e  
high temperature conditions and  2.98 f o r  t h e  low temperature conditions. Step 
p r o f i l e s  were used as i n p u t  t o  start the analyt ical .  caiculat ions;  the vi t ia ted 
flow was assumed t o  be infinite in   ex t en t .  
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Species concentration, total  temperature and Mach number pred ic t ions  a re  
compared t o  t h e   d a t a  from the  h igh  temperature vi t ia ted ni t rogen experiments  in  
Figs ,  33 through 36. The t rends of  the data axe reproduced accurately and, t o  
a s ign i f i can t  degree, good quan t i t a t ive  agreement is achieved. It is  p a r t i c u l a r l y  
notable  that  the observed bumps i n   t h e  w a t e r  concentraticn profiles,  see Figs.  33 
and 34, are also generated by the analysis.  
The flat peaks of the measured temperature distributions of Fig.  35 result 
from the  averaging  by  the  asp i ra t ing  probes .  In  fac t ,  th i s  averaging  resu l t s  in  
an overall broadening which destroys the s- del inea t ion  fowd i n  the  pred ic ted  
p ro f i l e s .  Temperatures i n  t h e  peak portion of the profiles were computed assuming 
local  equi l ibr ium. T h i s  w a s  done since the temperature probes employed cannot 
quench reac t ions  which may occur i?z the aspirated flow. Thus the  pred ic ted  
peaks i n  F i g .  35 represent  max imum achievable temperatures,which are probably 
more appropr ia te  for  comparison with the data than the "frozen" peak temperatures 
which are   about  200°K lower. 
One in t e re s t ing  f ea tu re  o f  t he  Mach number calculat ions shown i n  Fig. 36 
i s  the presence of a cusp i n  the v i c i n i t y  of the centerbody l i p   l o c a t i o n  due t o  
loca l  burn ing  at X = 10.2-cm. The data for  high temperature  vi t ia ted air i n  
p a r t  (b) of t he  f igu re  c l ea r ly  fo l lows  t h i s  t rend ,  bu t  no t  to  the  same degree 
as t h e  computed r e s u l t s .  The ultimate disappearance of t h i s  p r o f i l e  f e a t u r e  
downstream implies  that  the rate  of  heat  input  from chemical reaction i s  not  la rge  
enough t o   s u s t a i n   t h e   t e n p e r a t m e  a t  the  centerbody l ip  loca t ion  aga ins t  the  
gradient-smoothing process of turbulent  t ransport .  This  effect  i s  n i c e l y  i l l u s t r a t e d  
by the a x i a l  v a r i a t i o n  of (frozen) peak to ta l  t empera ture  in  F ig .  37, calculated 
wi th  the  mixing combustion computer program. The peak je t  t empera ture  for  the  
v i t i a t e d  air  cond i t ion   r i s e s   d rama t i ca l ly   t o  a maximum i n   t h e   v i c i n i t y  of X = 10-cm 
ref lect ing rapid chemical  heat  re lease.  The r a t e  of decrease in peak temperature 
downstream of t h e  maximum is in i t i a l ly  l a rge ,  a l though  a very gradual change is 
observed the rea f t e r  when the  r a t e  of chemical heat release i s  s u f f i c i e n t  t o  
maintain a fair ly  constant  temperature .  Figure 37 conta ins  addi t iona l  s ign i f icant  
information and w i l l  be  r e fe r r ed  to  aga in  a f t e r  comparisons of theory and data 
for  the high temperature  vi t ia ted air conditions have been examined. 
A s  pointed out earlier,  f low property information was compute? f o r  t h e  
v i t i a t e d  air conditions w i t h  the identical  kinematic eddy v iscos i ty  employed f o r  
t h e  v i t i a t e d  JY2 conditions.  As seen in  Figs .  38, 39, 40, the use of this mixing 
model l e a d s   t o  results which are predictive of the experimentally determined 
species  concentrat ion prof i les .  The theorekica l  water p r o f i l e  bump at X = 10.2-cm 
is properly placed according to  the data, but i n su f f i c i en t  data was obtained in  
this c r i t i c a l  r e g i o n  of t h e  bump to  p rope r ly  de f ine  it. Considerably better 
de l inea t ion  of  the  water  prof i le  bump i s  achieved at the other  downstream s t a t i o n s  
shown, i.e., at X = 17.8 and 25.4-cm. It is noted t h z t  the  pred ic ted  center l ine  
concen t r a t ions  fo r  t he  v i t i a t ed  air  condi t ions are  not  as faithful t o  t h e  data 
as those for  the vi t ia ted ni t rogen condi t ions.  Nevertheless ,  the overal l  agreement 
is f u l l y  as s a t i s f a c t o r y  as that achieved  for  the  n i t rogen  tes t  condi t ions .  
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It follows from the above that mixing proceeds at e s s e n t i a l l y  i d e n t i c a i  
rates for  the  v i t i a t ed  n i t rogen  and v i t i a t e d  air tes t  conditions notwithstanding 
the  subs tan t ia l  d i f fe rences  - in  hea t  re lease  rate and to ta l  hea t  evolved  for  these  
cases. These differences between the conditions are further exemplified by t h e  
calculated peak temperatures presented earlier in Fig. 37. It i s  seen t h a t  t h e  
local  temperature  increases ,  i .e . ,  . Tt - Ea, maintained i n   t h e   j e t   f o r   t h e   v i t i a t e d  
air condi t ions are  2 t o  10 t imes  la rger  than  those  for  the  vit iated ni t rogen 
c  ondit   ions . 
It is noted that  combustion i s  i n i t i a t e d  earlier for  the  n i t rogen  case  than  
f o r  t h e  air case. This i s  due t o  t h e  v e r y  low equivalence rat ios  in  the v i c i n i t y  
of the centerbody l i p   l o c a t i o n  which p e r s i s t  i n  t h e  air case  fo r  t he  initial 
por t ion  o f  t he  f r ee  j e t  f l ow f i e ld .  T h i s  problem of low in i t i a l  equ iva lence  
r a t i o s  is similarJy experienced for the low tem-perature v i t i a t e d  air conditions,  
except with a more dramatic  resul t .  According t o  t h e  mixing and combustion 
analysis ,  igni t ion never  occurs  for  this  condi t ion s ince temperatures  are  reduced 
below au to ign i t ion   be fo re   su f f i c i en t  hydrogen can be mixed wi th  the  oxygen i n   t h e  
vit iated stream, EvidentaUy, without the temperature fluctuations in the 
v i t i a t e d  flow, no combustion e f f e c t s  would have been observed f o r   t h e  low tempera- 
t u r e  r e a c t i v e  j e t .  
Figures 41 through 44 v e r i f y  t h a t  agreement between the analysis  using Eq. (E) 
and the  low temperature data i s  a l s o  very sat isfactory,  with the except ion that  
no burning and. hence no water formation is  p red ic t ed  fo r  t he  v i t i a t ed  air  
conditions.  However, v e r y  l i t t l e  w a t e r  is  actud. ly  formed in  t h e  low temperature 
case so t h a t  the effect  of  chemical  react ion on the concentrat ion prof i les  is small. 
Evaluation of Chemistry Model 
An in te res t ing  exerc ise  was conducted with the mixing and combustion computer 
program t o  determine how the predicted chemistry for  the high temperature  air 
c0ndition.s was affected by using the unadjusted history F ra ther  than  F', s ee  
Eq. (6). T h i s  work is  shown in  F ig .  45. The use of  the unadjusted his tory resul ts  
in  increased chemical  act ivi ty  and, s ign i f icant ly ,  a de ter iora t ion  in  the  accuracy  
of predict ion.  
Evaluation of Kinematic Eddy Viscosi ty  Models 
The various comparisons of data and theory already presented have provided 
ample ve r i f i ca t ion  of the kinematic eddy v i scos i ty  model, Eq. (E), based on a 
preturbulence mechanism. However, it i s  also of i n t e r e s t  t o  t e s t  o t h e r  f r e q u e n t l y  
used mixing models wi th  the  same data, as shown in  F ig .  46 for  the high temperature  
nitrogen conditions.  Prandtl's or iginal  constant  exchange coeff ic ient  of  Eq. (10) 
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predic t s  very  low rates of mixing for  the almost  equal  veloci ty  j e t s  stuaies. 
Inclusion of a densi ty  correct ion as pe r  Eq. (U) increases  the  mixing only 
s l i gh t ly .  Another extension of Prandt l ' s  ideas t o  i n c l u d e  t h e  e f f e c t  of densi ty  
variation through the mixing layer was proposed by Ferri in R e f .  43. This model 
has t h e  form 
where rL is  measured from one edge of t h e  mixing l a y e r   t o   t h e   p o s i t i o n  at which 
t h e  l o c a l  p r o d m t  of ve loc i ty  and density,  pu, has an average value between the 
center l ine  va lue  and the outer stream value,  i .e. ,  
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Application of Eq. (16) is  seen t o  r e s u l t  i n  u n r e a l i s t i c a l l y  high mixing r a t e s .  
CONCLUSIONS AJID HECO"ENDA!TIONS 
Detailed probe and o p t i c a l  measurements have been made i n  mixing and conibusting 
f r ee  j e t s  t o  ob ta in  spec ie s  concen t r a t ions ,  p i to t  p re s su res  and temperatures. 
On t h e  b a s i s  of this data and i t s  subsequent  appl icat ion to  the ver i f icat ion of 
a n a l y t i c a l  mixing and chemistry models, it is concluded t h a t :  
1. The use of a kinematic ed6y viscosity formulation based on a preturbulence 
mechanism i n  a constant  pressure mixing m d  combustion analysis  allows 
the  accura te  pred ic t ion  of l o c a l  c o n d i t i o m  i n  f r e e  j e t  flow f i e l d s .  
The cont r ibu t ion  to  the  turbulen t  t ranspor t  f rom the  je t  shear  in te r -  
ac t ion  mechanism i s  not of importance, therefore, when t h e  ve loc i ty  
r a t i o s  of j e t s  exceed  about 0.60. T h i s  f inding is of  consequence i n  
all j e t  mixing problems, at least  when considering the region fa r  
downstream from the nozzles  exi t  plane.  
2. No major influence of chemical heat r e l ease  on mixing r a t e s  e x i s t s  at 
the condi t ions of  the present  invest igat ion.  
3. Temperatures  and w a t e r  concentrations measured spectrophotometrically 
using I R  emission and absorption follow the same t rends as comparable 
information obtained w i t h  probes, but only fa i r  quant i ta t ive  agreement 
i s  rea l ized .  Thus although the worth of spectrophotometric methods 
for t h e  measurement of temperature and concentration data has been shown, 
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t h i s  approach is s t i l l  in a state of evolution. Clearly, o p t i c a l  
t echniques  of fe r  the  only hope of acquiring local temperature informa- 
t i o n  in flows having to ta l  t empera tures  in  excess  of 2000°K. 
4. The ab i l i ty  t o  a s p i r a t e  r e p r e s e n t a t i v e  samples of gas  from a reac t ion  
zone i n t o  a probe, e f f ec t ive ly  quench the  sample and f i n a l l y  conduct 
an on-line gas chromatographic analysis of the sample has been demonstrated. 
Recommendations are l i s t ed  below f o r   f u t u r e  work t o  extend and compliment 





Higher temperature reactive vit iated flows should be inves t iga ted  in  
the  search  for a coupling between chemical heat r e l ease  and mixing 
rates. The l i b e r a t i o n  of suff ic ient  chemical  energy to  s ignif icant ly  
r a i se  the  ove ra l l  en tha lpy  l eve l  of t he  flow would be  des i rab le  in  a 
continuation study. 
Addi t iona l  ver i f ica t ion  of mixing models through the  acquis i t ion  of 
d e t a i l e d  p r o f i l e  data for  systematic  var ia t ions in  densi ty  and ve loc i ty  
r a t i o s  i s  highly desirable. A complete map of m and n values can be 
achieved w i t h  the use of different nozzle combinations and w i t h  t h e  
addi t ion of an i n e r t  f l u i d  t o  t h e  centerbody fuel. The cor re la t ion  
of i n i t i a l   t u r b u l e n c e   l e v e l  w i t h  mixing rates for  a lmost  equal  veloci ty  
j e t s  i s  a lso  worthy of fu tu re  study. 
The choice of hydrogen fo r   t he   p re sen t  work was predicated somewhat on 
the widespread interest in hydrogen-fueled ramjets, but  more p r a c t i c a l l y  
on t h e  a v a i l a b i l i t y  o f  r e l i a b l e  k i n e t i c s  i n f o r m t i o n .  As such  informa- 
t i o n  becomes ava i lab le  for  o ther  (.hydrocarbon) fue l s ,  it would be of 
i n t e r e s t   t o  braaden the study t o   i n c l u d e   d i f f e r e n t   f u e l s .  
The present experiments have l a id  bare many problems in  the  des ign  of 
combustion r i g s  and instrumentation. For example, it is  apparent 
tha t   acous t ic  damping m u s t  be provided to   mi t iga t e   v ib ra t ions   w i th in  
the heaterburner, and t h a t  some special  provis ion must be made f o r  
introducing di luents  so as n o t   t o   i n t e r f e r e  w i t h  the preheat  combustion. 
By far the  most d i f f icu l t  ins t rumenta t ion  problem is that associated 
wi th  the  measurement of local temperature. Unfortunately, temperature 
probes cannot do the job. It i s  important  therefore  that  the development 
o f  op t i ca l  methods be continbed and t h a t  a s p e c i a l   e f f o r t  i s  d i rec ted  
toward obtaining an understanding of flows which are n o t   i n   l o c a l  
thermodynamic equilibrium. 
United Aircraft Corporation 
Research Laboratories 
East Hartford, Connecticut, August 14, 1969 
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TABU I 







&tch of Data and Calculation a t  Nozzle Exit Plane 
to   Es t ab l i sh  Combustion Efficiencies 
Tota l  Tempera- 
tu re  (%) 
Combus t ion  
Efficiencies ($) 
Low Temperature 





l a t e d  
0.09 0.108 
0.62 0.595 
-- /I 0.009 
1570 ll 
95 
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Vi t i a t ed  
N 2  
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TABIZ I11 
Summary of the  Data* 
I Ungi tud ina l  S t a t ion  (cm) 
P i t o t   P r o f i l e s  
I . -  . . .~ ,.. 
Complete Concentration 
P r o f i l e s  - Probe 
Temperature P ro f i l e s  - 
Probe 
Temperature P r o f i l e s  - 
Spectrophotometer 
H 2 0  Concentration 
P r o f i l e s  - 
Spectrophotometer 
.~ . .. . 
* (1) = H i g h  t empera ture  v i t ia ted  a i r  condi t ions  
(2) = High temperature  vi t ia ted N2 conditions 
(3) = ~ a r  temperature  vi t ia ted a i r  conditions 
(4) = Low temperature  vi t ia ted Ng conditions 
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TABLE IW. - PROQE  DATA - CONTINVED 
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TABLE 1 V .  - PROBE  OATA - CONTINUED 
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TABLE 1 V .  - PROBE UATA - CONTINUED 
AXIAL LOCATION = 0.33 CW 
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TABLE V I  
Water Molar Concentrations from Spectrophotometer Measurements 
LOW TEMPERATURF: HIGH TEMPERATURE HIGH TEMPERATURE 
VITIATED A I R  VITIATED AIR  VITIATED NITROGEN 
AXIAL DISTANCE FROM DISTANCE FROM DISTANCE FROM 
'OSITION 
1.90 cm 4.45 cm 1.90 cm. 4.45 cm 5.08 cm cm 
CENTERLINE  CENTERLINE 
I 'I I 
I 
1 
TABLE V I 1  
Comparison of Water Molar Concentration Measurements for 
High Temperature Vitiated A i r  
I DISTANCE I I I 
AXIAL 
PHOTOMETER  CHROMATOGRAPH CENTERLINE WSITION 
SPECTRO- GAS FROM 
cm cm 
0.33 0.278 0.217 1.90 
5.1 
0.265 0.208 4.45 
0.327 0.250 1.90 17.8 
0.232  0.237 4.45 
0.284 0.261 1.90 10.2 
0.236 0.200 1.90 
25.4 0 233  0.163 1.90 
4.45 0.217 0.198 
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TABLE VI11 
H2/02 Reaction Mechanism 
K Rate Constant 
Reaction Reference Units - a n 3 ,  mole, sec ,  deg K,  c a l  
1. H2 + 02 -+ 20H 
2. H + 0 2 + O H + O  
25 2.5 x 10l2 exp (- 7) 19650 
3. O + H 2 + O H + H  
26 2.2 x 101~ exp (- p) 
4.0 x exp (- +I.). 27 
4. H + H20 + OH + H2 
5. 0 + H20 + 20H 
1.0 x 1014 exp 
7. H + H + M +  H2 + ITB 
30 6.0 x lo1' T'l6 .  H + OH + M + H20 + ITB 
29 8.4 x exp [ -  P T 0 )  




8. 0 + 0 + M +  02 + ITB 32 3.0 X 1017 T-1 
9.  H + 02 + M + H02 + ITB 33 8.6 x exp (F) 
Notes : 
1. ITB i s  i n e r t  t h i r d  body 
." 
2. Rate constants given above for  reac t ions  6 and 9 are  for  the  case  of  
ITB = argon. The ac tua l  o r  e f f ec t ive  rate cons tan t  for  the  th i rd  body 
present may be determined from: 
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TABLE IX 
I n i t i a l  Mole Fractions of Free Radicals and Molecular Species 








7.54 x 10-7 
8.09 x 10-4 
6.80 x 10-7 
2.87 x 10-5 2.98 x 10-5 
7.29 x LO-4 






5.61 x 10-7 
6.02 X 10- 4 






4.9 x 10-7 
5.26 x 
1.94 x 10-5 
* Calculated with Equilibrium Chemistry computer program, cf .  , Ref. 21. 
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PROBE  CAN 6 
SECONDARY Pt  TEMP. PRO6 
PRE-COOLED  SECTION 
"- 
NJECTION  SECTION 





a CHOKED  VENTURI 
ALL DIMENSIONS 
IN METERS 
Figure  1. - TEST R I G  - SCHEMATIC DIAGRAM 




@ Hz PLENUM 
@ STATIC PRESSURE TAP 
@ Z r O  COATED NICKEL STRUT 
@ Hz  COLLECTION CHAMBER 
@ ZrOz COATED NICKEL CENTERBODY 
@ PITOT PROBE 
@THERMOCOUPLE 
@ CENTERBODY NOZZLE (Mi = 1.46) 
$1 ANNULAR COPPER NOZZLE ( M ~  = 1.86) 
@ COOLING PASSAGE 
53 THROAT COOLING PASSAGE 
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H,O IN 




0 BOUNDARY  LAYER 
4 -  
3 -  
2 -  
3 
THICKNES 
1.12 - CM 






CALCULATED B.L, 00 
THICKNESS = 
0.185 - CM 8 
0 A 
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3 -  
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5. I I I 1 
1 2 3 4 
A V
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PITOT PRESSURE - N / M ~  x
Figure 4. - PITOT PRESSURE PROFILE AT NOZZLE EXIT 
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0 BASED ON STATIC TO PITOT A 0 BOUNDARY 
O\ A = 1.i2-CM 
\ LAYER  THICKNESS 
PRESSURE  RATIO 
8 -  
I 
A BASED ON PITOT TO TOTAL 
PRESSURE RATIO 
5 -  3 
I 
"" = 0.185-CM I bq x CALCULATED B.L. THICKNESS 
I = 0.115-CM 
I 









I I """" 0"' 
1.2 1.4 1.6 1.8 2.0 2.2 
MACHNUMBER 





HIGH  PRESSURE (13.5 ATM) / WATER IN FOR PITOT PROBES 
GAGES 
" 
" '">PITOT PROBES 
" 
. . . ~ .  . 
".  . .  - > SAMPLING PROBES 
RESSURE (4 ATM) 
WATER IN 
HIGH  PRESSURE( 13.5 ATM) 
WATER IN FOR SAMPLING 
PROBES 







FREE  STREAM  CONDITIONS : 
MACH NO. = 1.5 
TOTAL  TEMP = 2220° K 
EQUIVALENCE RATIO = 1.0 
I- 
- 
END O F  INTERNAL DIVERGENT SECTION 
O O  
I I 
0.2 0.4 0.6 0.8 0 
D I S T A N C E   F R O M   P R O B E   T I P   / P R O B E   L E N G T H  
P T A  TD NICKEL 
316 S.S. 
C O N I C A L  T I P  
20-D EG 
GAS SAMPLE FLOW 
- - 
7.37 mm 
- a9 mm -/ 
Figure 7. - QUENCHING FROBE SCHEMATIC DIAGRAM AND DESIGN FEPLTURES 
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I I I 1 2 
SAMPLING 
VALVE 
i f 1  
1 '  b l l  2 
- DRYING 
COLUMN 
- RECORDER CHANNEL 
k 
PPP - COLUMN A - DETECTOR 
0 - SEPARATION STAGE 
- 
U 
Figure 8. - GAS CHROMATOGRAPH SCHEMATIC DIAGRAM AND TXACE OF GC OUTPUT 
62 
b, 
w .  
FIGURE 9. GAS CHROMA!I'( 
H 
A - OVEN 
B - GAS SAMPLING VALVES 
C - FLOW METERS 
D - H z 0  ABSORBER 
E - MOLECULAR SIEVE 1 3 ~  
F - HOT WIRE DETECTOR 
G - ACTUATOR FOR GAS SAMPLING VALVES 
H - POWER SUPPLY AND ATTENUATORS 
I - TWO PEN RECORDER 
J - TEMPERATURECONTROL 
K - SAMPLE PROBE INLET 
L - VACUUM PUMP INLET 
SYSTEM. 
I GAS CHROMATOGRAPH 
VESSEL 
Figure 10. - EEt"LP FOR W A T E R  GC-CALIBRATION 
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WATER IN 7 \ AIR SUPPLY 
JUNCTION 
r,, .%*TO REFERENCE 
1 -  -L ASPIRATION EXHAUST 
:R OUT 
Figure 11. - ASPlRATING TOTAL TEMPERATITRE PROBE 
cn cn 
I 
L: ':. 1.'iQ L 
ai Chopper i TEST  AREA 
D? 








L Lirht s o u r c e  s 
P a r a b o l i c  rirror 
Figure 12. - EBERT SPECTROPHOTOI4BTER - SCHEMATIC DIAGRAM 
I 
FIGURE 13. PHOTOGRAPH OF SPECTROPHOTOMETER SYSTEM 












Figure 14. - 0.203-m DOUBLE-PASS SCHUEREN - SCHEMATIC DIAGRAM 
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WEIGHT FLOWS (KG/SEC) 
SYMBOL 
" 2  TOTAL N2 0 2  At R 
0 
2.152 0.426 1.680 0.0463 A 

























1500 1 2000 
VITIATION STREAM TOTAL TEMPERATURE, T+, - OK 








INITIAL CONDITIONS FOR MASS FRACTIONS 
CALCULATIONS 
T( O K )  P ( N / M ~ )  
H2 lN2 O2 
OXYGEN-RICH STREAM 
5 .58~105  1050 0.846 0.1369 0.0171 NITROGEN-RICH STREAM 
5 . 5 8 ~  10 1050 0.599 0.3839 0.0171 
- 
10 102 
TIME, e - PSEC 
103 
Figure  16. - T I M E - H I S T O R Y  OF EVEL CONSUMPTION I N   V I T I A T I O N   H E A T E R  
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SYMBOL V I T I A T E D  FLOW 
LOW TEMPERATURE  SET 
t 





3 [  2 I  
0 l L -  0 ~- P /  P 
1000 1500 2000 
TOTAL TEMPERATURE, T T  - O K 
Figure 17. - TOTAL TEMPERATURE PROFILES AT NOZZLES EXIT PLANE 
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w 
HIGH TEMPEEATURE DIRECTION OF FU)W I O W  TEMPEBATU€G3 
FIGURE 18. SCHLIEREN PHOTOGRAPH AT NOZZLE EXIT-VITIATED AJ.R 
I 
m 
H I G H  TEMPERATURE 9IKECTION OF FLOW LOW TEMPERATURE 







I C -  
L t "- 
O L  - -L 
0 0.2 0.4 0.6 0.8 1 .o 
MASS FRACTlONS,Mj 
F i g w e  20. - CONCENTRATION PROFILES AT NOZZLIES EXIT PLANE- 










DIRECTION OF FLOW 
Figure 21. - FILM CLIP FROM 500 F'PS K I T I O N  P I C r m  
7 5  
(a) Ultraviolet Flow Direction * Scale = 1/2 
4 
Q, (b)  I n f r a r e d  
Figure 22. - HIGH TEMF'EBATLJRE A I R  PHOTOGRAPHS 
(a) Ultraviolet  
Flow Direct ion * 
(b) Inf ra red  
I 
Figure 23. - LOW TEMPERATLRE A I R  PHOTOGRAPHS 
1P A A I 
A 
A 
o.r 0 1 
2 3 4 i o  1 2 3 4 
PITOT PRESSURE - N/M*xlO-’ 































1.5  2.0 
0 VIT IATED AIR 
A VITIATED  NITROGEN 
X = 35.6 CM 
O A  
0 .  
A 
0 
I IA I I 
2.5 3.0 3.5 4.0 4 
PITOT PRESSURE - N/M2x10-5 
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0.2 0.4 0.6 0 .E 
MASS FRACTIONS, M j  
1.0 
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0.2 0.4 0.6 0.8 1 .o 
MASS FRACTIONS, M j  
Figure 28. - CONCENTRATION PROFILES AT X = 35.6 em - ~ G H  












i N2 H 2  
VITIATED  N2 A 0 
A i 0 VITIATED AIR 
0.2 
I 
O '0 10 20 30 
DISTANCE FROM N O Z Z L E  EXIT, X - CM 
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SYMBOL T(O K) ER 
0 1130 1.0 
0 0 1230 1.0 
v 15%  1.0 
zoo0 1.0 
A I230 0.4 
A 1230 0.1 
"-
0 1230 1.5 
I 
CORRELATING CURVE FOR INITIAL  FREE 
RADICAL  CONCENTRATIONS  GIVEN  IN  TABLE= 
ORRELATING CURVE FOR ZERO  INITIAL 
FREE RADICAL CONCENTRATION 
I, 
8 
0.1 1 .o 
CORRELATING PARAMETER, F = 9 3 . 8 ~ 1 0 ~  B 
10.0 
Figure 30. - CORRELATION OF CALCULATED REACTION-TIME  HISTORIES 
FOR THE 5-02 REACTION 













I HIGH TEMPERATURE 1 







DISTANCE FROM NOZZLE EXIT, X - CM 
30 
Figure 31. - RMROGEN  WEI t iHT FIOWS AT VARIOUS AXIAL STATIO1':S 
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DISTANCE FROM CENTERLINE/CENTERBODY RADIUS - Z / r i  


























I PROBE I 
l t " l  OPTICAL 









0 0.2 0.4 0.6 0.8 1 .o 
MASS FRACTION, M j  
Figure 33.  - PREDICTED CONCENTRATION PROFmS AT X = 10.2 em COMPARFI) 





















MASS FRACTIONS, M j  
 
0.8 
Figure 34. - PREDICTED CONCENTRATION PROFILFS AT X = 25.4 cm COM~ND 











I- z w 
U 
- 
w 4  











X = 0.33 CM 
I 









10.15 CM I 
I I  
0.6 1 .o 1.4 1.8 2.2 
TOTAL TEMPERATURE - ~ ~ ~ 1 0 - 3  
I 
1 
I I I I 
0.6 1 .o 1.4  1.8 2.2 
Figure 35. - PREDICTED TOTAL  TEMPERATURE PROFILES COMPARED 







(a) HIGH  TEMPERATURE  VITIATED  NITROGEN 
- THEORY 
0 DATA 
0 1 2 0 1 2 
(b) HIGH TEMPERATURE VITIATED AIR 
1 2 0 1 2 
MACH NUMBER, M MACH NUMBER, M 































- VITIATED  AIR I 
I - - I V I T I A T E D   N I T R O G E N  1 
5 10 15 20 
AXIAL DISTANCE, X - CM 
I 
25 30 
Figwe 37. - PEAK TOTAL TEMPERATLRES FOR THE H I G H  TEMPERATITRE CONDITIOIVS 
7 ,  I 
PROBE I 
MASS FRACTIONS, Mj 
1 .o 
Figure 38. - PREDICTED  CONCENTRATION PROFILES AT X = 10.2cm COMPARED 
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\ I + 4 
OPTICAL P 
" 2 O  1 0 1 
THEORY 
A I  '  
A t  A 
A I  
I I 
0 0.2 0.4 0.6 0.8 1 .o 
MASS FRACTION, M j  
Figure 39. - PREDICTED  CONCENTRATION  PROFILES AT X = 17.8~1~ COMPARED 








































0.4  0.6 
MASS FRACTIONS, M; 
L 
0.8 
Figure 40. - PREDICTED CONCENTRATION PROFILES AT X = 2 5 . 4 ~ ~ 1  COMPARED 






0 0.2 0.4 0.6 0.8 1.0 
MASS FRACTIONS, Mj 
Figure 41. - PREDI2TED CONCENTRATION PROFILES AT X = 10.2 cm COMPARED 
WITH DATA - LOW TEMPEBATURE VITIATED N2 
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0 0.2 0.4 0.6 0.8 1 .o 
MASS FRACTIONS, Mj 
Figure 42. - PREDICTED  CONCENTRATION PROFILZS AT X = 25.4 cm COMPARED 















0 0.2 0.4 0.6 0.8 1 .o 
MASS FRACTIONS, M, 
i 
Figure 43. - PREDICTED CONCENTRATION PROFILES AT X = 10.2 COMPARED 
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0.2 0.4 0.6 0.8 1 .o 
MASS FRACTIONS, Mj 
Figure 44. - PREDICTED  CONCENTRATION PROFILES AT X = 25.4 cm COMPARED 




EFFECT OF INTERMIXING INCLUDED 
- - - INTERMIXING  EFFECT  IGNORED 
FN2 
b 
0 0.2 0.4 0.6 0.8 1.0 
MASS FRACTION, M, 
Figure 45. - THE INFUENCE QF M I X I N G  FLUID WITH DIFFERENT  RFACTION 
TIME HISTORIES ON PREDICTED SPECIES CONCENTRATIONS 
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0 DATA  FOR HIGH TEMPERATURE  NITROGEN  CONDITIONS 
- - -- PRANDTL MODEL, EQUATION (7) 
" EQUATION (8) 




































10 20 30 
AXIAL DISTANCE, X - CM 
Figure 46.  - CENTERLINE  CONCENTRATION  DECAY:  COMPARISON  OF 
DATA WITH DIFFERENT  MIXING MODELS 
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